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Abstract: In the work, an ultrafine-grained (UFG) state was formed in a low-carbon steel by equal-channel angu-

lar pressing (ECAP) (8 passes, 200 °С), demonstrating high mechanical properties (yield strength is 1021 MPa,  

tensile strength is 1072 MPa, ductility is 10.7 %) along with satisfactory corrosion resistance (0.345 mm/year).  

To explain the reasons for improvement of strength properties and changes in corrosion properties, UFG steel micro-

structure was analysed using electron microscopy and X-ray scattering methods. Specifically, electron microscopy 

methods revealed structural refinement of ECAP-processed steel, resulting in the formation of equiaxed grains aver-

aged ~240 nm in size. Modified Williamson–Hall and Warren–Averbach X-ray procedures were applied to find  

the patterns of changes in coherent scattering domains size, density ρ and fraction fs of screw-type dislocations,  

effective outer cut-off radius Re of dislocations and some other parameters of low-carbon steel depending on a num-

ber of ECAP passes (degree of deformation). X-ray diffraction analysis and small-angle X-ray scattering methods 

were used to determine evolution trends of mass fraction, size and morphology of various precipitates depending on 

the number of ECAP passes. Based on the obtained data, a model of microstructure transformation during UFG state 

formation in steel was proposed. Furthermore, strengthening mechanisms of  both coarse-grained and UFG steels 

were discussed. It was found that in initial state, steel strength was primarily ensured by grain -boundary strengthen-

ing and precipitation of small Ме23С6 and Ме3С2 precipitates. It was shown that during UFG structure formation, 

steel strength increases due to grain-boundary strengthening and dislocation density increase. The contribution of 

precipitates in the UFG state to the strengthening decreases and this is due to their growth during ECAP processing. 

It was found that an increase in corrosion rate of UFG steel results from a decrease in ferrite grain size, an increase 

in grain-boundary dislocations density and a cellular structure formation.  
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INTRODUCTION 

Currently, low-carbon steels are widely used in  

the automotive, construction, aerospace and oil and gas 

industries due to their high industrial application poten-

tial. Nevertheless, further enhancement of the set of 

physical, mechanical and performance properties of low-

carbon steels through the optimisation of alloying ele-

ments and/or the implementation of various thermo-

mechanical processing modes remains a significant fun-

damental and applied challenge in materials science. To 

date, among the various methods for improving the phys-

ical and mechanical properties of metallic materials and 

alloys, the methods of severe plastic deformation (SPD) 

are among the most popular [1–4]. As a result of SPD 

processing, an ultrafine-grained (UFG) structure is 

formed in the initial coarse-grained (CG) metallic mate-

rials due to the refinement of the initial grains [1–4]. 

Moreover, UFG structures produced by SPD methods in 

metals and alloys are characterised by an increased den-

sity of introduced defects, products of various phase 
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transformations, the formation of equiaxed grains of 

nanometric size and highly non-equilibrium grain 

boundaries [5; 6]. Furthermore, in the case of SPD ef-

fects on alloys, dynamic strain ageing may occur in 

them, resulting in the precipitation of particles of dif-

ferent morphology, sizes and chemical compositions in 

the main phase [7; 8]. All these microstructural chang-

es in metals and alloys processed by such techniques 

lead to the formation of high-strength states due to  

the activation of various strengthening mechanisms [9 ; 

10]. In this regard, the creation of high-strength steels 

through targeted control of their structure and phase 

composition represents a pressing issue in modern ma-

terials science. 

The main SPD methods include equal-channel angu-

lar pressing (ECAP) and high-pressure torsion (HPT)  

[1; 2]. Previously, these methods have been successfully 

applied to obtain high-strength states in a number of 

low-carbon steels [11–13]. In particular, the authors of 

[11] applied the ECAP method to AISI 1010 steel with 

three passes at a temperature range of 150–300 °C.  

By varying the ECAP temperature, they obtained a high-

strength state of the steel at 200 °C, characterised  

by high yield strength σYS of 778 MPa and ultimate ten-

sile strength σUTS of 819 MPa, significantly exceeding 

those of the CG steel (σYS=252 MPa, σUTS=307 MPa) 

[11]. At the same time, ductility decreased by more than 

half. The improvement in strength characteristics was 

attributed by the authors to the formation of a ferritic 

UFG structure in the steel [11]. In [12], the authors man-

aged to increase the number of ECAP passes (degree of 

deformation) in ferritic steel up to six by raising  

the temperature to 300 °C. It was shown [12] that in-

creasing the ECAP deformation degree further raised  

the yield strength to 851 MPa and the ultimate tensile 

strength to 857 MPa. However, the ductility value did 

not exceed 9 %. Based on microstructural analysis,  

it was concluded that the formation of a banded structure 

consisting of submicrocrystalline grains with high dislo-

cation density enhances the mechanical properties  

of ferritic steel [12]. Furthermore, hot rolling of low-

carbon steel prior to ECAP processing allowed increas-

ing the number of passes up to ten [13]. Thanks to such 

combined processing, the authors succeeded in forming  

a banded structure composed of elongated grains with  

a width of 200–300 nm, thereby raising the ultimate ten-

sile strength to record-high values (over 1200 MPa) [13].  

When determining the reasons for the improvement 

of strength characteristics in ECAP-processed steels,  

the authors [11–13] relied solely on electron microscopy 

data. Meanwhile, X-ray scattering methods are a power-

ful tool for providing an integrated characterisation of 

the steel microstructure through other structural parame-

ters [14–16]. Recently modified Williamson–Hall and 

modified Warren–Averbach techniques have been suc-

cessfully applied to the structural characterisation of 

steels [17; 18]. In particular, the reasons for the destruc-

tion of the near-surface layer of martensitic steel were 

identified, which included the reduction in dislocation 

density, a change in the dislocation type and an increase 

in the coherent scattering domain (CSD) size [17].  

In [18], X-ray scattering was used to study the changes 

in microstructural parameters during the tensile defor-

mation of Fe–26Mn–1Al–0.14C steel. It was found that 

tensile deformation leads to an increase in dislocation 

density, suppression of the screw dislocations shares,  

the emergence of a strong dislocation dipole field indica-

tive of cell structure formation and the activation of dy-

namic recovery (growth of the effective outer cut-off 

radius of dislocations) [18].  

The above examples demonstrate that the combined use 

of X-ray scattering and electron microscopy methods en-

ables a more detailed characterisation of steel structures 

during thermomechanical processing. Accordingly, in the pres-

ent study, these methods were jointly applied to determine 

the reasons for the enhancement of strength properties and 

changes in corrosion behaviour in a medium-carbon steel 

upon the formation of a UFG state. 

Objective of the study is to form a high-strength state 

in medium-carbon steel using the ECAP method, to ana-

lyse strengthening mechanisms and to identify possible 

reasons for changes in corrosion properties based on mi-

crostructural data obtained by X-ray scattering and elec-

tron microscopy methods. 

 

METHODS 

Methodology for the UFG structure formation 

A widely used low-carbon steel was selected for  

the formation of UFG structure by ECAP method.  

The chemical composition of the steel measured by opti-

cal emission spectrometry is presented in Table 1. Before 

ECAP processing, the cylindrical steel specimens (9 mm 

in diameter and 30 mm in length) were annealed at  

a temperature of 200 °C for 1 h. ECAP was performed 

using tooling with a channel intersection angle of 120°. 

The ECAP processing temperature was maintained  

at 200 °C, the deformation route used was route ВС and 

the number of passes was 4, 6, and 8. 

 

 

 
Table 1. Chemical composition of the studied steel (wt. %) 

Таблица 1. Элементный состав исследуемой низкоуглеродистой стали (мас. %) 

 

 

C Si Mn Cr Ni Cu  Р S Fe 

0.108 0.195 0.397 0.135 0.216 0.087 0.003 0.012 balance 
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Methodology for carrying out mechanical  

and corrosion tests 

Tensile mechanical tests were carried out using a uni-

versal testing machine Instron 8801. The following me-

chanical properties were determined: yield strength σYS, 

ultimate tensile strength σUTS and elongation δ. In order to 

exclude the influence of the heterogeneity of the formed 

structure and the effects of poor processing of the peri-

pheral areas, tests were carried out on small samples cut 

from the central area of the rod relative to its longitudinal 

axis [1; 3]. The dimensions of the flat samples: length 

4 mm, sides of the working part 1×1 mm
2
. The strain rate 

during tensile testing was 1·10
−3

 s
−1

. The steel hardness 

after various numbers of ECAP passes was measured us-

ing the Vickers method on a universal hardness tester 

Shimadzu HMV-G with an indenter load of 100 g and  

a dwell time of 10 s.  

Corrosion rate Vc was determined by mass loss after ex-

posure to a corrosive environment. For corrosion testing, 

disks 9 mm in diameter and 2 mm thick were cut from  

the as-received and ECAP-processed specimens. Samples 

were kept in a test solution prepared from 5.0 wt. % sodium 

chloride, 0.5 wt. % acetic acid and distilled water for 100 h. 

Methodology for studying microstructure  

using electron microscopy 

The microstructure of the as-received and ECAP-

processed specimens was analysed using a scanning elec-

tron microscope (SEM) Thermo Scientific Q250 (USA). 

Microstructure analysis was performed on cross-sectional 

metallographic specimens cut from ECAP-processed sam-

ples. Specimens were prepared for SEM by grinding, fol-

lowed by polishing with diamond paste and etching in  

a nital solution. The steel microstructure was also examined 

by transmission electron microscopy (TEM) to obtain in-

formation on the size of structural elements, with an accel-

erating voltage of 200 kV. Thin foils for TEM studies were 

prepared by twin-jet electropolishing using an electrolyte 

based on n-butyl alcohol. 

Methodology for carrying out X-ray structural analysis 

X-ray diffraction analysis (XRD) was performed on 

steel samples using a Tongda TD-3000 diffractometer 

(China) operating in Bragg–Brentano geometry. X-ray 

patterns were recorded within a 2θ scattering angle range 

from 25° to 140° in continuous scanning mode at a scan-

ning speed of 0.5 °/min. Cu anode tube was used to gen-

erate radiation (λ=0.154060 nm) at an operating voltage 

of 40 kV and a current of 35 mA. Diffracted beams were 

detected using a Mythen 2D multichannel detector 

(Switzerland). Parasitic β and WL lines from copper radi-

ation were suppressed using a 30 μm thick nickel foil. 

The use of a high-precision multichannel detector and 

nickel foil in the registration of diffracted copper radia-

tion reduced fluorescence levels on the X-ray patterns, 

enabling the measurement of clear (hkl) reflections both 

from ferritic steel and from secondary phases.  

The calculation of fine structure parameters (CSD 

average size D, dislocation density ρ, fraction of screw-

type dislocations, effective outer cut-off radius Re and 

dislocation type) was carried out using the modified Wil-

liamson–Hall (mW-H) and Warren–Averbach (mW-A) 

techniques [19]. In the mW-H method, CSD size DW-H 

was determined based on the full width at half maximum 

(FWHM) broadening according to the dependence of 
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where K is the scattering vector;  

M is the Wilkens parameter depending on the effective out-

er cut-off radius Re of dislocations;  

   is the average dislocation contrast factor;  

b is the value of the Burgers vector (0.204 nm).  

By squaring equation (1) and considering that 

(O(K
2
  ))

2
≈0, the following expression for calculating DW-H 

was obtained: 
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where   h00 is the average dislocation contrast factor in  

the {h00} plane;  

q is a constant related to the type of dislocations and  

the elastic constants of steel; 

H for an arbitrary {hkl} plane was determined using  

the expression 
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The dislocation density ρ used in equation (2) was 

found from the real A(L) and size A
s
(L) parts of the Fou-

rier coefficients (where L is Fourier length) using  

the mW-A method: 
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By transforming equation (3), a relation for determining 

ρ was obtained: 
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Equations (3) and (4) are similar to the expression 

 xkmy  . Accordingly, A
S
(L) values were deter-

mined by approximating the dependence of lnA(L) on 

K
2
   to the point of intersection with the OY-axis (i. e., 
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