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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 °C), 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 p and fraction f; of screw-type dislocations,
effective outer cut-off radius R, 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 Me,;Cs and Me;C, 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

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)

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
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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 oy of 778 MPa and ultimate ten-
sile strength oyzs of 819 MPa, significantly exceeding
those of the CG steel (oys=252 MPa, oy75=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—-1A1-0.14C 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 B¢ and
the number of passes was 4, 6, and 8.

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

Taonuya 1. Dnemenmuulii cocmag ucciedyemol HusKoy2iepooucmot cmanu (mac. %)

Mn Cr

Ni Cu P 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 oy,
ultimate tensile strength 6,75 and elongation §. 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 1x1 mm?”. The strain rate
during tensile testing was 1107 s™'. 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 7, 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 20 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 (A=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  and W lines from copper radi-
ation were suppressed using a 30 um 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 (4kl) reflections both
from ferritic steel and from secondary phases.

The calculation of fine structure parameters (CSD
average size D, dislocation density p, fraction of screw-
type dislocations, effective outer cut-off radius R, 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 Dy.p

was determined based on the full width at half maximum

(FWHM) broadening according to the dependence of
cos0 2sin 6

A

AK = FWHM on K =

1
w22 L1 _
AK=(1’39+[anb ] pz{KC2J+O(K2C), (1)

where K is the scattering vector;
M is the Wilkens parameter depending on the effective out-
er cut-off radius R, of dislocations;
C 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*C))*~0, the following expression for calculating Dy.y
was obtained:

AK? -0 nM’b°

e pCioo (1-g#), @)

where Cjq is the average dislocation contrast factor in
the {400} 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

e R+ R+
n 4k + 1

>

0.9
a=|—] .
D
The dislocation density p used in equation (2) was
found from the real A(L) and size 4°(L) parts of the Fou-

rier coefficients (where L is Fourier length) using
the mW-A method:

2 f—
In A(L)=1In 4° (L)—%L2 m(%) (k2C)- 5

=In 4°(L)-YK*C

2
where Y:mLzln & .
2 L

By transforming equation (3), a relation for determining
p was obtained:

Lzz_nbszzln R\
L 2 L

nh?

in(L). @
2

Equations (3) and (4) are similar to the expression
y:m+(—k)x. Accordingly, 4°(L) values were deter-

mined by approximating the dependence of InA(L) on
K*C to the point of intersection with the OY-axis (i. e.,

Frontier Materials & Technologies. 2025. No. 3

53



Malinin A.V.,, Sitdikov V.D., Lebedev Yu.A. “Microstructure, properties and strengthening mechanisms...”

the In4(L) axis). From this dependence (4), values of ¥
were also determined via the tangent of the curve slope.
Dislocation density p values used in the right part of
equation (4) were found from the graph of Y/L? versus
In(L) based on the tangent of the curve slope. R, value
for each state was determined by approximating
the graph of relation (4) to the point of intersection with
the OY axis. Instrumental broadening of steel (4kl) re-
flections was taken into account by recording and ana-
lysing the X-ray pattern of LaB¢ powder.

Small-angle X-ray scattering technique

To obtain information about the morphology and size
of precipitates, thin foils were prepared from thin sec-
tions (5 mm long, 10 mm wide, ~20 um thick). Small-
angle X-ray scattering (SAXS) curves were recorded in
the scattering vector ¢ range from 0.01 to 1.4 nm ™' using
Tongda TD-3000 diffractometer (China) equipped with
a single-channel detector. The diameter of the analysed
foil surface was ~3.5 mm. When analysing the steel pre-
cipitates, the resulting scattering intensity /(g) was ex-
pressed as:

1(g)=1(g), +1(q), +-+1(q), = 3"

i=1

Fla)|[s@)].

where I(q); is the scattering intensity from precipitates with
the i-th shape;
F(g); is the form factor defining the morphology of the i-th
precipitates;
S(q); is the structure factor determining the spatial distribu-
tion of the i-th precipitates.

The morphology of the precipitates was defined accord-
ing to the expressions given in [20].

RESULTS

Tensile and corrosion resistance tests

The results of mechanical tests and corrosion rate data
for the studied steel states are presented in Table 2. It can be
seen that ECAP processing of the initial steel leads to

an increase in its hardness and strength characteristics
(Table 2). In particular, after 4 ECAP passes, the steel hard-
ness increases by 1.4 times, yield strength oy increases by
2.9 times and ultimate tensile strength cy7s increases by
2.3 times compared to the initial CG state. At the same
time, an inverse effect is observed: the steel ductility de-
creases by approximately 2.7 times. This state is also char-
acterised by an increase in corrosion rate by 0.03 mm/year.
An increase in the number of ECAP passes to 6 results in
a further growth of microhardness, tensile strength, yield
strength, and corrosion rate (Table 2). The steel ductility in
this state slightly improves. After 8 ECAP passes, the steel
exhibits very high strength properties, with ductility reach-
ing ~11 % (Table 2). The corrosion rate after § ECAP pass-
es increases by 0.046 mm/year.

Microstructure studies using electron microscopy

SEM images of the microstructure of the initial and
ECAP-processed steels are shown in Fig. 1. In the initial
state, the steel microstructure is characterised by the pres-
ence of ferrite grains (Fig. 1 a). In some ferrite grains,
needle-like cementite particles are also visible. The aver-
age ferrite grain size, based on the analysis of no fewer
than ten images, was ~4 um. As a result of ECAP pro-
cessing (4 passes), a banded structure is formed in the
steel (Fig. 1 b). The bands contain heavily refined grains
(average size ~270 nm according to TEM data), in which
a high density of defects in the form of dislocation tan-
gles can also be observed (Fig. 1 b, inset). After 6 ECAP
passes, the banded structure becomes less pronounced
(Fig. 1 ¢). The average ferrite grain size in this state,
based on TEM investigations, was ~250 nm (Fig. 1 c,
inset). After 8 ECAP passes, the steel forms an equiaxed
structure with an average grain size of ~240 nm
(Fig. 1 d). Additionally, a cellular structure is observed
in some grains (Fig. 1 d, inset).

Microstructure studies using X-ray
diffraction analysis
Experimental X-ray patterns of the steel in various

structural states are presented in Fig. 2. It is evident that
the X-ray patterns for the initial and ECAP-processed states

Table 2. Mechanical properties and corrosion rate of low-carbon steel in coarse-grained and ultrafine-grained states
Taonuya 2. Mexanuueckue coticmea u CKOpOCMb KOPPO3UU HUKOY2IEePOOUCMOL CManu

6 KDYNHOKPUCMAJIUYECKOM U Y1bMPAMENKOZIEPHUCNIOM COCMOSHUAX

State HY, GPa oys, MPa oyrs, MPa o, % V., mm/year

CG 1.89+0.08 34349 454+8 26.1£1.3 0.299+0.006
ECAP, 4 passes 2.66+0.06 995+10 1033+6 9.7+0.5 0.329+0.008
ECAP, 6 passes 2.77+0.04 1012+8 1061+9 9.94+0.4 0.336:0.006
ECAP, 8 passes 2.85+0.05 102149 1072+12 10.7+0.4 0.345+0.005

Note. HV is Vickers hardness; oys is yield strength; oyrs is ultimate strength; o is plasticity; V. is corrosion rate.
Tpumeyanue. HV — meepoocmo no Bukkepcy, cys — npedein mekydecmu; oyps — npedei nPoYHOCu; 0 — NAACMUYHOCHb,

V. — ckopocmb koppo3suu.
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d

Fig. 1. SEM images of the microstructure of the steel under study:
a — in the coarse-grained state; b — after 4 ECAP passes, ¢ — after 6 ECAP passes;
d — after 8 ECAP passes. The insets contain TEM images
Puc. 1. POM-u3zobpadicenuss MUKpOCMpPYKmMypbl UCCIE0YeMOU CIAL.:
a — KpynHoKpucmanuieckoe cocmosnue;, b — nocne 4 npoxoooeé PKYII; ¢ — nocie 6 npoxooos PKVII;
d —nocne 8 npoxoooe PKVII. Bo ecmaskax uzoopasicenus, nonyuennvie [I9M

are characterised by the presence of ferrite (a-Fe) reflec-
tions and cementite (Fe;C) particles (Fig. 2 a). At the same
time, new reflections appear on the X-ray pattern of
a sample after ECAP (4 passes) (Fig. 2 a).

Phase identification revealed that these new reflections
belong to Mey;Cs- and Me;C,-type precipitates. An increase
in the number of ECAP passes leads to a growth in the in-
tensity of Mey;Cg and Me;C, reflections on the X-ray pat-
terns (Fig. 2 a). To evaluate the mass fraction of the identi-
fied phases, Rietveld refinement was performed on the X-ray
patterns. An example of such refinement is shown in
Fig. 2 b. Minor fluctuations in the difference curve (grey)
between the measured (black) and the simulated (red) X-ray
patterns indicate a good correlation between them. The re-
sults of the X-ray analysis regarding the content of identi-
fied phases are presented in Table 3.

The initial steel is characterised by a relatively high
content of cementite Fe;C particles and a low mass fraction
of Mey;Cqy precipitates. During the formation of the UFG
structure in steel, the mass fractions of Me,;C¢ and Me;C,
precipitates increase, while the cementite particle content
remains practically unchanged (Table 3).

Precise analysis of the X-ray patterns revealed that, in addi-
tion to the appearance and growth of Mey;Cg and Me;C, reflec-

tions, an increase in broadening of the ferrite (7k/) reflections
and a shift toward higher angles occur as a result of ECAP
processing. These changes are clearly illustrated in Fig. 3 using
the (110) and (210) ferrite reflections as examples.

Additionally, the insets in Fig. 3 b show the (200) and
(320) reflections of lanthanum hexaboride used to take into
account the contribution of instrumental broadening of
the (110) and (211) ferrite peaks. As is known [21], an in-
crease in peak broadening indicates a rise in defect density
in the fine structure and a decrease in the CSD size D, while
a peak shift toward large angles leads to a decrease in the lattice
parameter. In this regard, these microstructural changes were
further analysed by means of XRD analysis. To estimate
the CSD size and dislocation type, the mW-H technique
(Equation (2)) was used, and for the evaluation of the effective
outer cut-off radius of dislocations and Wilkens parameter,
the mW-A technique was used (Equation (4)).

In order to find the Cjg value in Equation (2), contrast

factors Ciu for edge and screw Ciu dislocations were
calculated according to [22]. For the investigated steel
grade, the elastic constants C;;, Ci, and Cyy are 245, 139
and 122 GPa, respectively [23]. The calculated values of

E;kl and Eikz are presented in Table 4. Based on these
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Fig. 2. Experimental diffraction patterns of steel in different structural states:
a — general view; b — processed diffraction pattern of steel after 8 ECAP passes
Puc. 2. Dxcnepumenmanvhuvle OUBpPAKmoepammvl CIMALU 8 PA3IUYHBIX CIMPYKIMYPHBIX COCMOSAHUSX!
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Table 3. Identified phases and their mass fraction in the original and ultrafine-grained low-carbon steel
Taonuya 3. O6HapysicenHbvie Pasvl U UX MACco8AsL 00 8 UCXOOHOU U VIbMPAMETKOIEPHUCMOU HUZKOY2ePOOUCTION CINANY

State Mass fraction of phases, %
a-Fe Fe;C Me,;Cs Me;C,
CG 99.24+0.54 0.76+0.07 0.13+0.07 -
ECAP, 4 passes 98.72+0.61 0.82+0.06 0.34+0.05 0.12+0.05
ECAP, 6 passes 98.45+0.49 0.85+0.04 0.54+0.06 0.16+0.05
ECAP, 8 passes 98.36+0.55 0.81+0.04 0.62+0.05 0.21+0.06

data, theoretical values of ¢;, and ¢, were estimated,

which turned out to be 1.29 and 2.44, respectively. To de-
termine the value of g, the parameter o in Equation (2) was
optimised to obtain a linear relationship, as shown in
Fig. 4a. By approximating the dependencies shown
in Fig. 4 a to the intersection with the OX axis, the values of
1/q were obtained for each state (¢=2.25, 1.94, 1.81, and
1.66 for the initial CG state, and after 4, 6, and 8 ECAP
passes, respectively). The fractions f, of edge and f; of
screw dislocations were then determined according to
the expression

q=1-1,)a5+ f.a-

The obtained values made it possible to find Cjgo using
the formula

Choo = (1 -1 )6200 + fsz‘;oo .

The averaged C, values were calculated according to
formula (Table 4)

Chi = E’hoo(l —qH).

Based on the obtained data, the dependence AK(KC")
was plotted as shown in Fig.4b. Extrapolation of
AK(KC"?) dependence to its intersection with the OY axis
allowed estimating the Dy.y; CSD size according to
the mW-H technique. Resulting Dy.; CSD size values and
the fractions of screw dislocations for the studied states are
summarised in Table 5.

To assess the dislocation density in the mW-A tech-
nique, Fourier coefficients were first determined by analys-
ing each reflection on the X-ray pattern of the initial and
ECAP-processed steel.

Examples of the obtained Fourier coefficients LnA(L) as
functions of K°C (equation 3) for the initial and UFG steel
(8 ECAP passes) are shown in Fig. 5 a, b. Subsequently, based
on the In4(L) vs K*C dependencies and by approximating
the lines to their intersection with the OY axis (see insets in
the figures), the dimensional values 4°(L) of the Fourier coef-
ficients were determined. These coefficients for the studied
steel states are presented in Fig. 5 ¢ as 4°(L) dependencies.
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Fig. 3. Normalised reflections of steel demonstrating the change in their width
and angular position on the diffraction pattern: a — reflection (110); b— (211).
The insets show some reflections of LaBg, which were used to take into account the instrumental broadening of the peaks
Puc. 3. Hopmanuszogaunvie pegexcol cmanu, 0eMOHCMPUPYIOujUe U3MeHeHUe UxX WUpuHsl
U y2no6otl nosuyuu Ha ougpaxkmozspamme: a — ompadicerue (110); b — (211).
Bo ecmaskax npugedenvl nekomopwie pegiexcol LaBg, no Komopuim yuumuléaiu UHCMpYMeHMAalbHble YUUPEHUs: NUKOG
Table 4. Calculated values of E;kl R Ezkl and Cy for coarse-grained and ECAP steel
Taonuya 4. Paccuumannvle 0 KpynHokpucmaniuyeckou u noogepenymou PKYII cmanu 3snavenus EZkl, E:,k/ u Chyy
—e —s Cia
Plane (hkl) Chu Chi
CG ECAP, 4 passes | ECAP, 6 passes | ECAP, 8 passes
(110) 0.172182 0.118142 0.05568 0.06202 0.06469 0.06776
(200) 0.252323 0.37929928 0.35786 0.32378 0.30949 0.29300
(211) 0.172182 0.118138 0.05568 0.33083 0.06468 0.06776
(220) 0.172182 0.118142 0.05568 0.33084 0.05797 0.06776
(310) 0.223471 0.204317 0.16551 0.16960 0.17132 0.17330
(222) 0.145468 0.0732345 0.02200 0.02699 0.02908 0.03150

By drawing tangents to the obtained curves in the domain
of small L values, Dy., CSD size for the different structural
states of steel was determined. Further, using the obtained
Fourier coefficients A°(L), the dependence Y/L* vs InL
(Fig. 5 d) was plotted. From this dependence, in accordance
with equation 4, the dislocation density was calculated. By
approximating the curves (Fig. 5 d) to their intersection with
the OY axis (at InL=0), the effective outer cut-off radius of
dislocations R, was determined. The resulting information on
the fine structure parameters is presented in Table 5.

Analysis of Table 5 shows that an increase in the number
of ECAP passes leads to a decrease in the lattice parameter,
a decrease in the CSD parameter, an increase in the dislocation
density, and a decrease in the proportion of screw-type disloca-

tions. At the same time, a decrease in the R, and M values indi-
cates an increase in dislocation dipole fields, and the nature of
the mutual arrangement of dislocations becomes ordered.

Microstructure studies using small-angle
X-ray scattering

To obtain dimensional characteristics of the precipitates
(FesC, MepCs, MesC,) identified during phase analysis,
measurement and analysis of SAXS curves were carried out
for the investigated states. Experimental SAXS curves for
CG and UFG states of the steel, as well as an example of
processed scattering curve after 8 ECAP passes, are shown
in Fig. 6. Unlike the scattering curve for CG steel, the UFG
SAXS curves are characterised by pronounced inflection
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Fig. 4. Experimental dependencies for various structural states of steel
2
in the modified Williamson—Hall method: a — ¢ vs H>; b— AK vs KC'?
K
Puc. 4. Dxcnepumenmanshble 3a6UCUMOCIU OIA PASIUYHBIX CIPYKIMYPHBIX COCMOAHUL CIMau
2
no Moouguyuposannou memoouxe Burvamcona — Xonia: a — 5 ¢ om H?; b— AK om KC"?
K
Table 5. Fine structure parameters of steel in the initial state and after ECAP
Taonuya 5. Ilapamempsbr MoHKOU CIMPYKMYPbl CMALU 8 UCXOOHOM COCMOAHUU U 8 cocmoanusax nocie PKYIT
State a, nm Dw.g, nm Dyw.s, nm P, 10" m™ I Yo R,, nm M
CG 0.286808+0.000012 229+20 356124 0.11+0.03 83+4 184+15 1.94+0.11
ECAP, 4 passes 0.286769+0.000009 88+5 5343 1.93+0.02 56+3 14+2 0.63+0.05
ECAP, 6 passes 0.286732+0.000011 79+4 48+2 2.68+0.02 45+3 8+1 0.41+0.04
ECAP, 8 passes 0.286692+0.000013 61+4 43£2 3.32+0.03 3242 6+1 0.33+0.03

Note. a is the lattice parameter;
Dy is the CSD size found in modified Williamson—Hall (mW-H),

Dy is the CSD size found in modified Warren—Averbach (mW-A) technique; p is the dislocation density;
1 is the fraction of screw-type dislocations; R, is the effective outer radius of the dislocation cross-section;

M is the Wilkens parameter.
Tpumeuanue. a — napamemp pewiemxu,

Dyy.y — pasmep OKP, natidennuiii no moouguyuposantoil memoouxe Burnvamcona — Xonna;
Dy, — pazmep OKP, naiioennwiii no mooughuyuposannoii memoouxe Yoppena — Agepbaxa;
P — NIOMHOCMb QUCTIOKAYULL, f; — 00N OUCTOKAYUL BUHMOB8020 Muna; R, — sghhexmusnwiil HewHuil paouyc ceuenus OUCIOKAYULL,

M — napamemp Bunkenca.

points concentrated in the Guinier region (range 0.05
to 0.5 nm’") (Fig. 6 a). Moreover, in this region, the UFG
steel scattering curves show a sharp decrease in intensity
depending on scattering vector (Fig. 6 a).

It is known that the particle size is determined by
the position of the Guinier region on the SAXS curve
and particle morphology is determined through the de-
pendence I~q “, where a parameter equals 1, 2, 3, or 4
(particle shapes: o=1 (cylinder), 2 (disk), 3 and 4
(sphere)) [24]. Analysis showed that, in the CG state,

the Guinier region is characterised by a dependence
I~1/q, indicating that the initial steel mainly contains
particles of cylindrical shape. In the case of ECAP steel,
it was found that the area from 0.05 to 0.5 nm™' does not
conform to the known dependences described above.
Therefore, when analysing the SAXS curves of ECAP-
processed steel, three types of particles differing in mor-
phology (Table 3) were simultaneously fitted into
the model. The result of such processing, e. g. for
the 8 ECAP state, is shown in Fig. 6 b. It is evident that
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Fig. 5. Experimental dependencies for various structural states of steel in the modified Warren—Averbach method:
a— InA(L) on K°C for the initial steel; b — InA(L) on K°C for UFG steel (8 ECAP passes); ¢ — A*(L) patterns;
d — Y/L(InL) dependence for different structural states of steel.
The insets show enlarged areas where the As(L) coefficients were found
Puc. 5. Dxcnepumenmanshvle 3a8UCUMOCU OIS PAZTUYHBIX CIPYKIMYPHBIX COCMOAHUL cmanu
1o MoOuuyuposanHoi memoouxe Yoppena — Agepbaxa:
a—InA(L) om K°C ons ucxoomoii cmanu,; b — InA(L) om K°C ons ynempamenxoseprucmoii cmanu (8 npoxodos PKVII);
¢ — saxonomeprocmu A*(L); d — sasucumocms Y/L*(InL) 013 pasnuunsix cmpykmypHIX COCMOSAHUI CIAT.
Bo écmaskax noxazamnvl ysenuuennvie 001acmu, o KOmopslm Haxoounu kosgguyuenmor A*(L)

this approach allows modelling satisfactory the experi-
mental SAXS curves of the UFG steel leading to the de-
termination of particle size and shape (Table 6).

Moreover, this analysis makes it possible to determine
the contributions of individual particle types to the resulting
SAXS intensity. Specifically, in Fig. 5 b, one can see that
the SAXS intensity from cylindrical Fe;C particles is higher
than that from spherical Me;C,-type particles. This fact
indicates a higher fraction of cementite particles compared
to Me;C,-type particles, which is consistent with the data in
Table 3.

The SAXS analysis revealed that the particle sizes in
CG steel are significantly smaller than those in UFG steel
(Table 6). Furthermore, an increase in the number of ECAP
passes is accompanied by a growth in the sizes of cylindri-
cal, elliptical and spherical particles.

DISCUSSION

The studies conducted on the steel subjected to ECAP
demonstrated a significant increase in strength, a decrease
in ductility and an increase in corrosion rate, which were
caused directly by structural changes. In particular, it was
found that ECAP treatment led to a reduction in ferrite
grain size down to the nanometer range. Moreover, at high-
er degrees of ECAP processing, the grains themselves ac-
quired an equiaxed shape. The grain refinement observed
by microscopy methods during ECAP treatment is con-
sistent with the reduction of the CSD size obtained by the
mW-H and mW-A techniques (Table 5). The investigations
also revealed that, along with structural refinement, a dy-
namic ageing process occurred after ECAP treatment of
the steel. This fact is corroborated by evidence that, during
the formation of the UFG structure of steel, the precipitation
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Fig. 6. Experimental small-angle X-ray scattering curves of steel:
a — general view of curves for different structural states;
b — processed small-angle X-ray scattering curve of steel (8§ ECAP passes)
Puc. 6. DxcnepumenmanvHble Kpugble MAloyel08020 PEHMSEHOBCKO20 PACCEAHU CINAIL:
a — o6wutl 8UO KPUBBIX OISl PANUYHBIX CIMPYKIYPHBIX COCIMOAHUI,
b — obpabomannas Kpusas Manoyeno8020 peHmeeH08CKko20 paccesnus cmanu (8 npoxoooe PKYII)

Table 6. Average size and morphology of precipitates obtained by small-angle X-ray scattering method.

Particle sizes are given in nanometers

Taonuya 6. Cpeonuil pasmep u popma npeyunumamos, NomLy4eHHbIX MeMoOOM MAL0Y2108020 PEHIM2EHOBCKO20 PACCEAHIUSL.

Pa3mepHocmb uacmuy yKasaHa 6 Hanomempax

Fe;C Mey;Cq Me;C,
State
Cylinder d/l Ellipse a,/a, Sphere d
CG 113/384 10/6 -
ECAP, 4 passes 157/431 57/34 31
ECAP, 6 passes 223/458 94/69 49
ECAP, 8 passes 259/460 139/98 72

and growth of Me,;C¢- and Me;C,-type precipitates, as well
as a slight increase in the mass fraction of cementite parti-
cles were observed (Table 3). As a rule, the dynamic ageing
process in steel should lead to the purification of the ferrite
crystal lattice from impurity elements, which should be
accompanied by a change in the lattice parameter of
the base matrix. Indeed, the observed decrease in the ferrite
lattice parameter confirms this (Table 5). It is known that
the tabular value of the pure ferrite lattice parameter is
0.286 nm [25]. In the initial state, the presence of impurity
elements in ferrite led to an increase in the lattice parameter
up to 0.286808 nm (Table 5). However, after § ECAP pass-
es, the lattice parameter decreased to 0.286692 nm, bring-
ing it closer to the value characteristic of pure ferrite.

Along with the aforementioned changes, the microstruc-
ture of the steel after ECAP was characterised by a high
density of introduced defects (Table 5). In particular, com-
pared to the initial state, the dislocation density increased

significantly after 8 ECAP passes. At the same time,
the dislocation type changed as well. Whereas in the initial
state the dislocations were mainly of screw type, after
8 ECAP passes they predominantly consisted of edge-type
dislocations (Table 5). The obtained data on the degree and
type of structural defectiveness is consistent with previous
studies [26; 27], according to which, under conditions of
severe plastic deformation, an intense annihilation process
of screw dislocations within the grain interiors occurs,
while the accumulation of edge dislocations at grain bound-
aries increases and sometimes they form cell walls. To veri-
fy this theory, changes in R, and M parameters were evalu-
ated (Table 5). It is known [28] that R, parameter character-
ises the degree of screening of the long-range strain fields
of dislocations by adjacent dislocations. In this regard,
the decrease in R, value during ECAP indicates an increase
in the degree of screening of dislocation long-range fields,
which can result in the formation of dipoles. This phenom-
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enon leads to correlated dislocation interactions, which, as
is known, cause the formation of a cellular structure [29].
At the same time, the dimensionless Wilkens parameter

M =R,,/p characterises the mutual arrangement of dislo-

cations within the grains and determines the strength of
the dislocation dipole field [28]. In the initial CG state,
the M parameter was close to 2, indicating a chaotic ar-
rangement of dislocations and a weak dipole field. Con-
versely, after ECAP, this parameter dropped sharply (M<1),
indicating an ordered arrangement of dislocations in the
steel structure. In general, the decrease in the Wilkens pa-
rameter after ECAP treatment indicates the formation of
dislocation tangles and dislocation walls in the steel struc-
ture leading to the formation of a cellular structure [18].
Some areas of cellular structures within the ferrite grains
were also revealed by TEM investigations (Fig. 1).

Thus, according to the obtained data, ECAP treatment
leads to an increase in dislocation density, dipole field
strength and the degree of dislocation ordering, which ulti-
mately results in the formation of a cellular structure. Sub-
sequently, the cellular structure transforms into grain
boundaries [1]. In this context, ferrite grain refinement dur-
ing ECAP proceeds according to the mechanism schemati-
cally shown in Fig. 7.

The conducted structural studies also make it possible to
analyse and identify the causes of the increase in the corro-
sion rate of the steel subjected to ECAP. It is well known
[1; 3] that UFG metallic materials are characterised by
an increased volumetric fraction of grain boundaries due to
grain refinement. The analysis showed that the grain
boundaries in the UFG steel contain a high density of dislo-
cations, predominantly of edge type. It is known that
the diffusion coefficient along dislocation cores is several
orders of magnitude higher compared to the lattice diffusion
coefficient [30]. This circumstance leads to the fact that
grain boundaries in the UFG steel should exhibit an en-
hanced diffusion coefficient. As a result, impurity atoms
(H, O, S, etc.), which chemically react with Fe, may diffuse

Initial state

— Shear bands — Grain boundaries

along grain boundaries in the UFG steel much faster than in
its CG analogue. Accordingly, it can be expected that
the formation of the UFG structure with a high density of
grain-boundary dislocations is the reason for the increased
corrosion rate of the steel subjected to ECAP.

The obtained data on the microstructural parameters of
the steel also enable the assessment of the contribution of
individual strengthening mechanisms after ECAP pro-
cessing. It is known that the tensile strength of steels is de-
termined by the action of various strengthening mecha-
nisms, including strengthening due to the initial yield stress
o,, grain-boundary strengthening o, precipitation strength-
ening o,,, solid solution strengthening o,, and dislocation
strengthening o, [31]. Based on the obtained microscopy
and XRD analysis data, a theoretical evaluation of individ-
ual strengthening mechanisms was performed and the re-
sulting tensile strength was calculated. The comparative
contribution of individual strengthening components to
the resulting tensile strength is presented in Table 7.

When calculating the steel precipitation strengthening
o,y in the CG state, two types of particles were considered,
while three types were considered after ECAP processing
and the total strengthening Xc,, was determined (Table 3, 6).
As previously shown in [31], a theoretical evaluation of
the resulting tensile strength requires the use of the root-

mean-square JZG? summation of the strengthening

components. Accordingly, in the present study, the resulting
tensile strength was calculated using this summation meth-
od. The calculated resulting tensile strength values for
the studied states are given in Table 7. As can be seen from

Table 7, the resulting tensile strength ZGf values for

the CG and ECAP-processed states of the steel are in good
agreement with the experimental data (Table 2). The analy-
sis of the strengthening mechanisms showed that in
the UFG state, the increase in the tensile strength of the
steel is primarily due to grain-boundary strengthening G,
(Table 7). The increase in the contribution of grain-boundary

Fig. 7. Schematic representation of structure transformation
during the formation of an ultrafine-grained state in low-carbon steel
Puc. 7. Cxemamuunoe uzobpaoicenie mpancgopmayuu CmpyKmypbl
npu GopmMuposanuu yIempamerko3epHUCMO20 COCIMOSHUSA 8 HU3KOY2AepOOUCmOl Cmanu
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Table 7. Contribution of different strengthening mechanisms in coarse-grained

and ultrafine-grained states of low-carbon steel

Tabnuya 7. Bknao paziuyunsix MexaHu3mMo8 YnpouHeHus 6 KpynHOKpUCmAaiiuieckom

u yiempameiKo3epHucmom coCmoAaHusAx Huskoymepoducmoﬁ cmanu

Calculated data, MPa
State
G, G Yo, (- G, ZG"Z
CG 50 300 268 75 88 419
ECAP, 4 passes 50 916 222 75 366 1015
ECAP, 6 passes 50 946 179 75 431 1059
ECAP, 8 passes 50 951 147 75 480 1079

Note. o, is yield stress; oy, is grain-boundary strengthening; o,, is precipitation strengthening;

o Is solid solution strengthening; o,is dislocation hardening.

IIpumeuanue. o, — nanpsoicenue medenus; g, — 3ePHOSDAHUYHAS NPOYHOCMY, 0y, — OUCHEPCUOHHAS NPOYHOCIb,

Oss — NPOYHOCMb m@ep()oeo pacmeopa, 64— auC]lOKaquHHaﬂ NPO4YHOCMb.

strengthening o, after ECAP processing is realised, accord-
ing to microscopy data, as a result of grain refinement down
to the nanometric scale. Moreover, the dislocation strength-
ening mechanism o, also contributes to the enhancement of
the tensile strength due to the increased dislocation density
after ECAP (Table 5, 7). On the other hand, the contribution
of precipitation strengthening Xc,,, decreases during

the formation of the UFG structure. The analysis showed
that in the case of CG steel, the high value of Xo,, is
achieved due to the presence of small-sized ellipsoidal
Me,;C¢ particles (Table 6, 7). Meanwhile, the decrease in
2o, during ECAP is explained by the growth of cementite,
Me,;C¢ and Me;C, particles.

CONCLUSIONS

A high-strength state (ultimate tensile strength of
1072 MPa) with satisfactory ductility (10.7 %) and a cor-
rosion rate of 0.345 mm/year was achieved in the steel
using the ECAP method. TEM and XRD analysis identi-
fied that the formation of the UFG state is accompanied
by grain refinement down to 240 nm, an increase in
the dislocation density (predominantly of edge type), pre-
cipitation and growth of Me,;Cs and Me;C, precipitates
and the formation of a dislocation cell structure (reduction
of the M parameter). In the CG state, steel strengthening is
primarily provided by grain-boundary strengthening and
the precipitation of relatively small-sized particles
(cementite, Me,3Cy). The increase in the strength of UFG
steel is mainly achieved as a result of grain refinement to
the nanometric size and an increase in the dislocation den-
sity up to 3-10"° m % Precipitation strengthening in
the UFG state decreases due to the growth in the mass
fraction and size of Mey;Cq and Me;C, particles. The in-
crease in the corrosion rate of the UFG steel is explained
by the small size of ferrite grains containing a high densi-
ty of grain-boundary dislocations and the presence of
a dislocation cell structure.
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Annomayusn: B pabote MeTOOM paBHOKaHaIbHOTO yrioBoro mpeccosanus (PKYII) (8 mpoxozmos, 200 °C) chopMupoBaHO
ynsTpaMenko3epHrcToe (YM3) cocTosHIE B HU3KOYIIIEPOANCTOH CTallH, IEMOHCTPHUPYIOIIEE BHICOKHE MEXaHIIECKHE CBOICTBA
(mpenen texyuect 1021 Mlla, npenen npounoctu 1072 Mlla, mmactudanocts 10,7 %) Hapsity ¢ yIOBIETBOPHUTEIBLHON KOPPO-
3uoHHOM cToikocThio (0,345 Mm/rom). /st OOBSCHEHUS] NPHYMH TOBBIMICHAS TPOYHOCTHBIX M HM3MEHCHUSI KOPPO3HOHHBIX
CBOICTB IIPOAaHATIM3MPOBAaHA MUKPOCTPYKTYpa YM3 cTanyu MeTomaMu 3JIEKTPOHHOH MHKPOCKOIIMH M PEHTTCHOBCKOTO pacces-
HUs. B yacTHOCTH, MEeTOIaMHM 3IIEKTPOHHON MUKPOCKOIIMHM YCTaHOBJIEHO M3MEJIBIEHHE CTPYKTYphI noaseprayToit PKYII cramm,
B pe3yJbTaTe KOTOPOro (GOPMHUPYIOTCS PABHOOCHBIC 3€pHA CO CPEAHUM pasMepoM ~240 HM. MoanuduIiMpoBaHHbIe PEHTTCHOB-
cKkre MeToanku Bunbsmcona — Xomma n YoppeHa — ABepOaxa IPUMEHEHBI ISl TOTy4YeHNs 3aKOHOMEPHOCTEH M3MEHEHHS pas3-
Mepa o0acTeld KOTepeHTHOTO PacCcesHus], INIOTHOCTH P U JIONH f; TUCIIOKAIMid BUHTOBOTO THIA, BHEIIHETO 3((}eKTHBHOTO pa-
nuyca Re cedeHHs IUCTIOKALMNA U psAAa JPYTHUX MMapaMeTpoB B HU3KOYIIIEPOIMCTOM CTald B 3aBUCHMOCTH OT YHMCIIa IIPOXOJ0B
(crenern nedopmanin) PKYII. Metogamu peHTreHO]a30BOro aHajan3a ¥ MaJIOyIJIOBOTO PEHTICHOBCKOTO PACCEsTHHS HAaHICHBI
3aKOHOMEPHOCTH M3MEHEHHMSI MacCOBO#1 I0NH, pazmMepa U MOP(OJIOTHH Pa3IMYHBIX MPELUITUTATOB OT YKcia npoxonos PKVII.
Ha ocHoBe mnoy4eHHBIX JaHHBIX NPEAJIoKEHA MOJENb TpaHC(OPMAL MHUKPOCTPYKTYPHI CTald IpH (OPMUPOBAHUM B HEH
YM3 coctostHust. OOCYKIAIOTCS MEXaHU3MBI YIPOUHEHHST KpYTHOKpUCTaLTHueckoid 1 YM3 ctanu. O6HapykeHO, YTO B UCXOJI-
HOM COCTOSIHMH MIPOYHOCTD CTaJld B OCHOBHOM OOECTICYMBACTCS 3@ CUET 36PHOTPAHIIHOIO YIIPOYHEHHS U BBINAICHHS IPEIIUITH-
TatoB Me,;Cq 1 MesC, manoro pasmepa. [lokaszaHo, uto npu GpopmupoBaHud YMS3 CTPYKTYphI CTaja MPOYHOCTH BO3pPACTaeT
B pe3ylbTaTe 3epHOTPAHMYHOTO YHNPOYHEHMsI M POCTa IUIOTHOCTH IWCIIOKanumil. Bxiajg B ynpouHeHue mpenunuraroB B YM3
COCTOSTHUY TIOHMYKAETCsI, U 3TO 00YCIIOBIEHO X pocToM mpu oopabdotke PKYII. BrisBieHo, 4To yBenTuueHHE CKOPOCTH KOPPO-
3un YM3 craim o0bsSCHSIETCS YMEHBIICHHEM pa3Mepa (eppUTHBIX 3epeH, HOBBIIIEHUEM IIOTHOCTH 3€PHOTPaHMYHBIX TUCIIOKa-
Ui ¥ GOpMHUPOBAHUEM STYEHCTON CTPYKTYPHI.

Knrouegvie cnosa: HA3KOyIIIEpOaKCTas CTallb; (DEPPHUT; PaBHOKAHAJIBHOE YIVIOBOE IPECCOBAHME; YIIBTPaMEJIKO3EPHHU-
cTasi CTPYKTYpa; MUKPOCTPYKTYpa; MEXaHU3MBI YIIPOUHEHHS; PEHTTEHOCTPYKTYPHBIM aHaJIN3; CKOPOCTh KOPPO3UH; Mao-
YIJIOBOE PEHTTEHOBCKOE PACCESTHUE.

bnazooapnocmu: Amtopsl BeIpaxaror OmaromapHocTh ITAO «HK «Pocuedts» m OOO «PH-BamHUIINHe)TH»
3a IPEIOCTaBICHHYI0 BO3MOXHOCTB TPOBEJICHUST HCCIIECI0OBAHUNA. ABTOPBI TaKkKe OJIarofapsT JOKTOpa XUMHYECKHX HayK
A. Bomommua, xangunara ¢usnko-maremarudeckux Hayk FO.b. Jlman, kanampara texamdeckux Hayk H.P. SIpkeeBy
(OO0 «PH-bamtHUITMHe(THY») 32 00CYXIEHUE OIyYEHHBIX PE3YIBTaTOB M IIEHHbIE 3aMEYaHUsl IIPU ITOJTOTOBKE CTAThH.

Jna yumupoeanusa: Mammnaua A.B., Cutaukos B.J1., JlebeneB FO.A. MuxpocTpykTypa, CBOWCTBA U MEXaHU3MBI YII-
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