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Abstract. Strain hardening of steels is an effective approach to changing the structural-phase state and properties.
Understanding the mechanisms of formation of structural-phase states and properties of pearlitic steel during plastic
deformation is crucial for controlling the process of de-formation behavior. The importance of knowledge in this area
is due to serious problems in the field of physical materials science, as well as the practical consequences of the use of
pearlitic steel, which is widely used in the railway industry. Currently, there is great interest in understanding the
general relationships characterizing strain hardening. This interest is associated with the possibility of developing a
complex theory of this phenomenon and studying the dislocation mechanisms that determine the observed stress-
strain curves o(g). It is noteworthy that advances have been made in the field of strength physics, in particular in
understanding the dislocation structure of bainitic and martensitic steels. These advances have contributed to
expanding our understanding of strain hardening phenomena. Present work the evolution of structural-phase states
and dislocation substructure of rail steel under uniaxial com-pression to the degree of 50 % was studied by
transmission electron microscopy. The obtained data formed the basis for a quantitative analysis of the mechanisms of
rail steel strengthening at degrees of deformation by compression 15, 30, 50 %. Contributions to the strengthening
caused by the friction of matrix lattice, dislocation substructure, presence of carbide particles, internal stress fields,
solid solution and substructural strengthening, pearlite component of the steel structure are estimated. Using the
adaptivity principle, which as-sumes the independent action of each of the strengthening mechanisms, the dependence
of rail steel strength on the degree of plastic deformation by compression is estimated. A com-parative analysis of the
stress-strain curves o(€) obtained experimentally and calculated theo-retically is performed.

Keywords: stress-strain curve; rail steel; structure; dislocation substructure; strengthening mechanisms; additive
yield strength; electron microscopy

For citation: Ivanov Yu.F., Porfirev M.A., Gromov V.E., Popova N.A, Serenkov Yu.S, Siddiquee A.N., Shlyarov V.V.
Strengthening mechanisms of rail steel under compression. Bulletin of the Siberian State Industrial
University. 2023, no. 3 (45), pp. 58 — 71. (In Russ.). http://doi.org/10.57070/2304-4497-2023-3(45)-58-71

Opuzuuaﬂbuaﬂ cmamobA

MEXAHM3MbI YITPOYHEHMS PEJIbCOBOM CTAJIA ITPA CKATHN

© 2023 r. 0. ®. UBanos', M. A. Hopd)npbenz, B. E. FpOMOBZ, H. A. IonoBa®,
10. C. CepeHKOBz, A. H. Cupankn®, B. B. IJ_IJmpOB2

-58 -



BectHrk CHOMPCKOro rocyIapCTBEHHOT0 HHAYCTpHaibpHOro yHusepeurtera Ne 3 (45), 2023

"Mucruryr cunbnoTounoii 2nekrponnkn CO PAH (Pocenst, 634055, ToMck, mp. AKageMUdeckuii, 2/3)

2Cubupekuii rocy1apeTBeHHbI HHAYCTpHAILHBI yHuBepenter (Pocens, 654007, Kemeposckas 0671, —

Kysb6acc, HoBoky3renk, yin. Kupona, 42)

*Tomckuii rocy1apcTBeHHBI APXUTEKTYPHO-CTPOUTEIbHBI yHuBepeuTeT (Poccns, 634003, Tomck,

1. ConstHast, 2)

*okamus Muins Mcnamust (dxamua Harap, Heto-lemm-110025, Unans)

Annomayusn. [lepopmaninoHHoe ynpouHeHne cranei — 3 eKTUBHBII MOJX0/] K ©3MEHEHHUIO CTPYKTYpPHO-(a30BOro

COCTOSIHUSL U CBOMCTB. [ToHMMaHMe MeXaHHU3MOB 00pa30BaHUs CTPYKTYPHO-(Da30BBIX COCTOSHHIA U CBOWCTB
MIEPIUTHOM CTAJU MPH IIACTUYECKON JeOpMAaIIi UMEET Pellaroliee 3HaUCHHUE IS YIPABICHUS MPOIIECCOM
JIe(GOpPMAIMOHHOI0 TIOBECHUS. BaxkHOCTh 3HAHUH B 3TOU 00JIaCTH 00YCIOBICHA CEPhE3HBIMU MPOOIEMaMHU B
00mactd  (HU3MYECKOTO MATCPUAJIOBEJCHUS, a TAaKKE MPAKTUYCCKUMHU MOCICICTBUSIMHA TMPUMCHCHHUS
MIEPIUTHOM CTaJM, IIUPOKO HCIOIB3yeMOH B JKEIIC3HOIOPOKHON OTpaciu. B HacTosIee BpeMs CYIIECTBYET
0O0JBIION MHTEpeC K MOHUMAaHHUIO OOIINX 3aBHCUMOCTEH, XapakTepu3yIX Ae(GopMaiioHHOe YIIPOYHEHHE.
DTOT MHTEpPEC CBSI3aH C BO3MOXKHOCTHIO Pa3pabOTKH KOMIUIEKCHONH TEOPHH STOTO SBICHUS W UCCIICIOBAHUS
JUICTIOKAIIMOHHBIX MEXaHH3MOB, OOYCIOBIMBAIOIINX HAOIF0JaeMble KpUBBIC HAIpsKCHHE — IedopMaiusl.
[IpumedarensHO, YTO OBUTA JOCTUTHYTHI YCIIEXH B OONACTH (M3UKH IPOYHOCTH, B YACTHOCTHU, B MOHUMAaHHA
JUCIIOKAIMOHHOW CTPYKTYpHl OCHHUTHBIX W MAapTEHCHTHBIX CTajed. DTH JOCTHKCHHS CHOCOOCTBOBAJH
paCIIUpEHNIO TTOHWMAaHWS SBICHHH NeQOpPMAlMOHHOTO YIPOYHEHWs. B Hactosmed paboTe METOmIoM
MIPOCBCUMBAIOIICH 3JCKTPOHHOW MHKPOCKOIUHM H3yuY€HA SBOJIOIHS CTPYKTYPHO-(Pa30BBIX COCTOSHUH U
JTUCIIOKAIIMOHHON CYOCTPYKTYPBI PEIbCOBOM CTAJIH MPHU OJHOOCHOM cxxatuu 10 crencHu 50 %. [TonydeHHbie
JaHHBIC JIETJIK B OCHOBY KOJMYCCTBCHHOI'O aHajlIn3a MCEXaHHU3MOB YIPOYHCHUA peHLCOBOﬁ CTajii Iipu
crenensax nedopmanuu cxarueM 15, 30 u 50 %. [IpoBeneHa oIicHKA BKJIaia B yIIPOYHEHUE, OOYCIOBICHHOTO
TPEHHEM PEUIETKH MAaTpHIbl, AMCIOKALMOHHON CYOCTPYKTYpOH, Halu4ueM KapOWIHBIX YaCTHL, IOJSIMH
BHYTPCHHUX  HANpPsDKEHUH, TBEPAOPACTBOPHBIM UM CYOCTPYKTYPHBIM  YIPOYHEHHEM, MEPIUTHOH
COCTaBIAIOMICH CTPYKTYypsl cTamu. C HCIONB30BAaHHEM NPUHIWIA AJalTHBHOCTH, MPEINOJIararomiero
HE3aBUCHMOE JICHCTBHE KaXKOTO U3 MEXaHU3MOB YIIPOYHEHUS, OIICHEHA 3aBHCHMOCTh MIPOYHOCTH PETHCOBOM
CTald OT CTENCHH IUTacTHYecKod medopMmarmm cxatueMm. [IpoBeieH CpaBHHUTEIBHBIN aHAIN3 KPUBBIX

Haps’KCHUEC — z[e(bopMam/m 0'(8), TOJYYCHHBIX 3KCIICPUMEHTAJIBHO U PACCUUTAHHBIX TCOPETUYCCKU.

Kniouegvie cnoea: xpuBas HanpspkeHne — nedopmanusi, pesbcoBast CTallb, COCTaB, IUCIOKAIMOHHAS CYOCTPYKTYpa,
MEeXaHU3MBbI YKPEIUICHHS, aATUTUBHBINA Mpees TeKY4eCTH, JIEKTPOHHAS MUKPOCKOIIHS

Jnsa yumupoeanus: Visarnos 10.0., Tlophupse M.A., I'pomor B.E., ITonioBa H.A., Cepenkor F0.C., Cummuku A.H.,
[nsipos B.B. MexaHu3Mbl yNpodHEHUs] peNbCOBOM cranmu mnpu cxatuu // BectHuk CuOupcKoro

TrOCYyJapCTBEHHOTO  MHAYCTPHAIBLHOTO

Introduction

Deformation strengthening of steels is one of the
ways to change the structural-phase state and prop-
erties characterizing the fracture resistance [1 — 7].
Knowledge of the formation patterns of structural-
phase states and properties of pearlite steel during
plastic deformation is necessary to control the pro-
cess of deformation behaviour. The importance of
information in this field is determined by the depth
of fundamental problems in physical materials sci-
ence, on the one hand, and the practical significance
of the problem, on the other hand, since the rails are
made of pearlitic steel [8 — 19].

At present, the general dependencies that charac-
terise strain hardening attract the most interest as
they can be applied for constructing a theory of this
phenomenon, on the one hand, and studying dislo-
cation mechanisms explaining the observed type of
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curves o(g), on the other. Certain success in devel-
opment of ideas about dislocation structures of
bainitic and martensitic steels has been achieved in
strength physics [20]. However, we should note that
dislocation steel structure and its evolution during
deformation are insufficiently studied. This is espe-
cially true of the quantitative parameters of disloca-
tion ensemble. Little attention is paid to fragmenta-
tion processes. Internal stress fields were examined
mainly by the X-ray diffraction method, local stress
fields are understudied [21, 22].

The transmission diffraction electron mi-
croscopy method, due to its high resolution, makes
it possible to conduct in-depth analysis of defects in
steels and therefore is the most effective means of
detailed investigation of dislocation substructure
[23, 24]. Development
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Table 1

Chemical composition of the rail steel

XumMu4eckuii cOCTaB peJibCOBOI CTaIU
Element C Mn Si Cr P S Ni Cu Ti Mo \Y Al
(%/l:a(r;\t,lttg/ 0.73| 0.75 | 058 | 042 | 0.012 | 0.007 | 0.07 | 0.13 | 0.003 | 0.006 | 0.04 | 0.003

of new special types of rails (for high-speed move-
ment, low-temperature reliability, resistance to con-
tact fatigue and wear, etc.) should be based on
knowledge of the mechanisms of structural and
phase changes and fine substructure under defor-
mation. The mechanisms of rails strengthening at
different volumes of the passed tonnage were eval-
uated in [25 — 28], and the evolution of lamellar
pearlite of rail steel under compression deformation
was analysed in [29, 30].

The purpose of this work is a comparative analy-
sis of experimental stress-strain curves o(g) and the
mechanisms of rail steel strengthening, obtained on
the basis of a quantitative assessment, under com-
pression deformation.

Research methods and principles

Differentially heat-strengthened rails of DT350 catego-
ry manufactured by Evraz ZSMK JSC, produced from
evacuated electric steel E76KhF in accordance with the
technical requirements TU 0921-276-01124333-2021,
were studied. The chemical composition of the rail steel is
shown in Table 1. Five rectangular samples with a size of
5x5x10 mm were cut from the rail head and subjected to
deformation. Uniaxial compression deformation was car-
ried out at a room temperature on Instron 3369 (Great
Britain) testing machine at a loading speed of 1.2 mm/min.

The steel structure was studied using transmis-
sion electron diffraction microscopy (JEOL JEM
2100F, Japan). The objects of research for transmis-
sion electron microscopy (foils ranging in thickness
from 150 to 200 nm) were made by electrolytic
thinning of plates cut by methods of electric spark
erosion of metal from the central part of the sample
in the direction perpendicular to the compression
axis. The structural and phase state of steel subject-
ed to deformation by 15, 30 and 50 % was analysed.

The images of the material fine structure ob-
tained during its examination in the electron micro-
scope were necessary to identify the morphological
components of the structure and their volume frac-
tions, determine the size, distribution density and
volume fraction of cementite particles, as well as
their localization, and define the parameters of the
material fine structure in each morphological com-
ponent (scalar p and excess p. dislocation density,
amplitudes of curvature-torsion of the crystal lattice
v and internal stresses).

The volume fractions of morphological compo-
nents were determined by the planimetric method
measuring the total cross-sectional area of the given
structural component on a certain area of the foil [31]:

1 o
0=—)> S, 1
StZIZl n ()

n

where S; — total area of the image; iglsn‘ — total sur-
face area, occupied by the corresponding morpho-
logical component of the structure. The volume
fractions were defined by the continuous sections of
the sample with an area of ~100 pm? at a magnifica-
tion in the microscope column of ~10000 times.

The sizes of cementite particles and the distances
between them were determined in each morphologi-
cal component by micrographs using direct meas-
urement [32]. In pearlite of lamellar morphology
(not destroyed pearlite), only the transverse size of
cementite particles was measured, in a ferrite-
carbide mixture (destroyed pearlite) and fragmented
perlite — the longitudinal and transverse dimensions,
in steel deformed to € = 50 % — only diameter:

1

= N. L
N

, )

where N; — number of particles in a given size class;
R; and L; — average transverse and longitudinal par-
ticle sizes, in this class; n — number of classes; N —
total number of measurements.

The number of measurements ranged from 40 to 50.

The average distance between cementite parti-
cles was determined by the secant method using
microphotographs [32].

The volume fraction of particles of carbide phas-
es in the body of structural components was deter-
mined by the formula [33]:

N.R.: L= 1

R= E N

Tivz
I

& =V, /tr?, (3)

where V, — average particle volume; t — foil thick-
ness; r — distance between particles.

The scalar density of dislocations in each mor-
phological component of the steel structure was de-
termined by the methods [23]. Its values were cal-
culated using the formula:
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Fig. 1. TEM images of the rail structure before deformation
Puc. 1. N300paxeHus peiabcoBoii KOHCTPYKIHHU 10 AeopManuu

M n n,
<p>:T(I—+I—)1 4)

1 2

where n; and n, — number of intersections of hori-
zontal and vertical lines with length I; and I, by dis-
locations; M — magnification of the micrograph; t —
foil thickness (200 nm).

The average scalar dislocation density was de-
termined taking into account the volume fraction of
each type of morphological components of the steel
structure according to the formula:

<p>=3" R, 5)

where Py; — volume fraction of the material occu-
pied by the i-th type of morphological component of
the steel structure; Z — its volume fraction; p; — sca-
lar density of dislocations in this morphological
component.

The excess dislocation density was calculated by
the disorientation gradient:

(6)

where b — Burgers vector; y = /oA — amplitude of
the curvature-torsion of the crystal lattice; dp — in-
clination angle of the foil in the microscope column;
O\ — displacement of the extinction contour.

Results and Discussion

Transmission electron microscopy of thin foils
established that the steel structure is represented by
pearlite grains of plate morphology (Fig. 1, a),
grains of structurally free ferrite (ferrite grains that
do not contain carbide particles in the bulk phases)
(Fig. 1, b) and ferrite grains, in the volume of which

cementite particles are observed mainly in the form of
short plates (Fig. 1, d), and globular particles (Fig. 1, c).
As a rule, the volumes of steel with globular particles
and particles in the form of short plates are observed
separately, which made it possible to estimate their rela-
tive content in the material being equal to 1:10.

It can be noted that the relative volume fraction
of grains of structurally free ferrite is small and var-
ies from 0.01 to 0.05 of the steel structure. The rela-
tive volume fraction of grains of the ferrite-carbide
mixture is significantly weightier, the value of
which varies in the range from 0.17 to 0.27 of the
steel structure. Dislocation substructure is observed
in the grain volume mainly in the form of chaotical-
ly distributed dislocations.

Plastic deformation of steel is accompanied by
fragmentation of the ferritic component of steel,
which becomes stronger as the degree of defor-
mation increases. At € = 50 %, the fragmented struc-
ture of steel occupies 0.4 of the volume of the ex-
amined foil. As the degree of deformation rises, the
average sizes of ferrite plate fragments decrease
from 240 nm (g = 15 %) to 200 nm (& = 50 %).

Analysis of the steel structure by transmission
electron microscopy of thin foils demonstrated the
presence of bend extinction contours in the electron
microscopic images of pearlite grains a typical im-
age of which is shown in Fig. 2.

The presence of bend extinction contours indi-
cates curvature-torsion of the crystal lattice of the ana-
lysed foil region. The performed studies show that the
sources of curvature-torsion of the crystal lattice (stress
concentrators) are mainly the interfaces between ferrite
and cementite plates. In most of the observed cases, the
contours are located perpendicular to the interface (Fig.
2, a). The source of the curvature-torsion of the crystal
lattice of the material can also be the ends of the cement-
ite plates (Fig. 2, b, c), as well as the interfaces of pearlite
grains (Fig. 2, d).
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Fig. 2. Electron microscopic image of bend extinction contours (indicated by arrows) (¢ = 30 %)
Puc. 2. DnexTpOHHO-MHKPOCKOIIMYECKOE H300paKeHHe KOHTYPOB IKCTHHKINK H3ruba (o6o3HaueHo crpenkamu) (e = 30 %)

Dissolution and cutting of cementite plates are
observed simultaneously with the fragmentation of
ferrite plates. Carbon atoms, transferred from the
cementite crystal lattice to dislocations, are carried
into the interplate space and form nanoscale (15 —
20 nm) cementite particles.

In the research literature, two mechanisms of de-
struction of cementite plates during the deformation

of steel with a pearlite structure are mainly dis-
cussed. The first of them consists in cutting the
plates by moving dislocations and carrying carbon
atoms into ferrite in the field of dislocation stresses
(Fig. 3, a). The estimates show, that in this case, the
maximum effect of cementite decomposition cannot
exceed tenths of a percent of the available amount
of cementite.

Fig. 3. TEM image of the structure of a pearlite colony at the stage of cutting cementite plates (indicated by arrows) by gliding
dislocations (g = 15 %) (a); at the stage of dissolution (¢ = 30 %) (b); at the stage of the formation of nanosized cementite
particles (indicated by arrows) (e = 50 %) (c)

Puc. 3. [IDM-u300paskeHue CTPYKTYpbI KOJOHHH MEPIUTA HA CTAAUU Pa3pe3aHus IIACTUH HeMeHTHTa (0003HaYEHO CTPEIKAMH)
CKOJIB3SIIMMH JucIoKaiusaMu (€ = 15 %) (a); Ha craguu pacrBopenust (€ =30 %) (b); Ha craguu hopMupOBaHus
HaHOpa3MepHbIC YaCTHI] IeMeHTHTa (0003Ha4eHbI cTpeikamu) (€ = 50 %) (C)
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The second mechanism consists in the pulling of
carbon atoms from the lattice of the carbide phase dur-
ing the plastic deformation by dislocations (Fig. 3, b).
Because of a noticeable difference in the average
binding energy of carbon atoms with dislocations
(0.6 eV) and with iron atoms in the cementite lattice
(0.4 eV) this process leads to the formation of Cot-
trell atmospheres [29]. At the next stage of cement-
ite dissolution, the entire volume of the material
previously occupied by the cementite plate is filled
with nanosized particles. A typical image of the re-
sulting structure is shown in Fig. 3, c.

The steel deformation is accompanied by trans-
formation of dislocation substructure, namely, the
guasi-homogeneous distribution of dislocations of
the original steel is replaced by clusters of disloca-
tions around cementite particles.

Samples of E76KhF steel could not be brought
to fracture during compression test. They were flat-
tened because the steel under study is capable of
deforming quite strongly without fracturing. In [29,
30] we showed that the deformation strengthening
of the examined steel during plastic deformation by
uniaxial compression has a multi-stage character.

The revealed transformations of the steel struc-
ture will significantly affect the strength and plastic
characteristics of the metal, determining the service
life of the product. Evaluation of strengthening
mechanisms allows the patterns connecting the pa-
rameters of the structure and the strength properties
of the material to be identified and the physical na-
ture of the evolution process of properties to be re-
vealed. The evaluation of the hardening mecha-
nisms was carried out using the widely tested ex-
pressions given below.

The main contributions to the deformation re-
sistance are [33, 34]: oo = 35 MPa — the friction
stress of dislocations in the crystal lattice of a-iron;
o5 — Strengthening of a ferrite-based solid solution
by atoms of alloying elements; o, — strengthening
due to pearlite; o, — strengthening by dislocations
“herringbone” that cut the slipping dislocations; Gy
— strengthening of the material by incoherent parti-
cles when bypassing them with dislocations accord-
ing to Orowan mechanism; o, — strengthening by
the internal long-range stress fields; o; — substruc-
tural strengthening.

The evaluation of the solid-solution strengthen-
ing of steel caused by carbon atoms and other alloy-
ing elements was performed using the empirical
expression of the form [33]:

cSss = Zin:l Ci ki ’ (7)

where k; — strengthening coefficient of ferrite,
which is an increase in the strength of the material

at the yield point with 1 wt. % of the alloying ele-
ment is dissolved in it, the value of which for vari-
ous elements is determined empirically; C; — con-
centration of the i-th element dissolved in ferrite,
wt. %.

By the i-th element, we mean elements in quanti-
ties available at that moment in the a-solid solution.

Hardening caused by pearlite is determined by
the ratio [33]:

o, =k, (4.75r) 2Py, (8)

where Py — volume fraction of pearlite; r — distance
between Fe;C particles; k, = 2:10% Pam® —
strengthening coefficient of ferrite.

The stress required to maintain plastic defor-
mation, i.e. the stress of the flow o required to over-
come the forces of interaction with stationary dislo-
cations (dislocations of the “herringbone”) by mov-
ing dislocations (carriers of deformation), is related
to the scalar density of dislocations by the following
relation:

o, = maGh,/p, 9

where m — orientation multiplier (or Schmid factor); o —
dimensionless coefficient varying within 0.05 — 0.60
depending on the type of dislocation ensemble (in
this work o = 0.25, ma = 1); G — hear modulus of
the matrix material (G = 80 GPa); b — Burgers vec-
tor of the dislocation (0.25 nm); p — the average
value of the scalar dislocation density.

Steel strengthening, taking into account the pres-
ence of incoherent particles of the second phase,
was carried out using the ratio [34]:

mGh

or—Bm“"”(

where R — average particle size; r — distance be-
tween particle centers; @ — multiplier depending on
the type of dislocation (@ = 1); B — parameter that
takes into account the uneven distribution of parti-
cles in the matrix (B = 0.85).

Deformation is accompanied by the formation of
internal stress fields in the steel. The magnitude of
the plastic component of the internal stress fields
can be estimated based on the ratio:

r-R
TD (10)

G, =maGby/p, . (11)

The value of the elastic component of the inter-
nal stress fields is estimated based on the ratio:
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Table 2

Quantitative parameters of steel structure in various morphological components

with different degrees of plastic deformation

KoJinuecTBeHHbIe TapaMeTPbl CTPYKTYPBI CTATH B PA3JIMYHBIX MOP(}OI10rHyecKHX KOMIOHEHTaX
NPHU Pa3JMYHOM CTeNeHH IJIacTHYecKoil nedopmanuu

Pearlite Ferrite
Structure parameters f Non- Fractured Fragmented Non-fragmented Fragmented
ractured
£=15%
Vol. fraction 70 % 24 % 3% 1% 2%
Transverse size of
the a-phase 160 120 120
interlayer, nm
Fragment size, nm - - 120x400 - 400
size, nm d=16 12x280 12x160
FesC . vol. 12 % 8.7 % 1.5 %
raction
Fraction of carbon 0.8 % 0.6 % 0.11 %
pex10% cm™ 1.91 2.06 2.08 2.21 ~0
p:x10%° cm? 1.54 1.96 2.08 2.21
%= Ao+ et COE 385 490 650 =520, +30, | o0 Ef(i?p' " | 745.=0, + 745,
£e=30%
Vol. fraction 65 % 20 % 12 % 0 3%
Transverse size of
the o-phase 160 120 120
interlayer, nm
Fragment size, nm - - 120x200 - 200
size, nm d=18 16x280 12x160
FesC vl 12 % 4.8 % 0.92 %
raction
Fraction of carbon 0.8 % 0.34 % 0.07 %
P10 cm™ 2.18 2.50 1.59 ~0
p:x10™° cm™ 1.76 2.26 1.59
X = Yol Fel, CM 440 565 435 = 395, + 40, 745 = 0,+745¢
£ =50%
Vol. fraction 0 60 % 40 % 0 0
Fragment size, nm 200
FesCin | size, nm d=12;r=16 d=16;r=20
the a-
hase vol.
(Fi)nside fraction 1.8% 2.1%
fr.)
Fraction of carbon in 0.12 % 0.19 %
o-phase
FesCin | size, nm d=14;r=20 d=16;r=30
the
layers of
Fe;C Vol.
(on fraction 2.1% 1.2%
border
of fr.)
Fraction of carbon 0.19 % 0.09 %
P10 cm™ 2.25 0
p:x107° cm™? 2.25
A= Apl +Xe|, CI’Tf1 575 = 560p| + 159| 55 = Op| + 559|
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Table 3

Average material parameters of the steel fine structure at different degrees of plastic deformation
Cpennne nmapamMeTpbl MaTepHuaJa TOHKOH CTPYKTYPHI CTAIH
NPHU Pa3JIMYHbIX CTeNEHAX IJIACTHYeCKON AepopManuu

Auverage structure parameters e=15% e=30% e=50%
Pax107°, cm™? 1.92 2.11 1.35
p.x10™°, cm? 1.63 1.79 1.35

%= Aot + ety CM

425 = 410, + 15,

470 = 445, + 25,

365 = 335 + 304

Table 4

Values of the contributions of various mechanisms into steel strengthening in various morphological
components and in general for the material at different degrees of plastic deformation
3HayeHHs BKJIA/AA Pa3JMYHbIX MEXaHU3MOB B YIIPOYHEHHeE CTAJIM B Pa3IHYHbIX MOPG010rHyecKuX
KOMIIOHEHTAaX U B LeJIOM IS MaTepHuaJia PM Pa3IM4HbIX CTeNleHAX IIACTUYeCKoil nedopmanumn

Contributions Pearlite Ferrite In the material
Non-fractured | Fractured | Fragmented | Non-fragment | Fragmented
e=15%

Vol. fraction 70 % 24 % 3% 1% 2% 100 %
ch, MPa 275 285 290 295 0 273
cp, MPa 250 280 290 295 0 254
Gel, MPa 0 0 40 190 1010 20
o, MPa - — 550 — 350 25
G0, MPa 35 35 35 35 35 35
Gss, MPa 80 80 260 1400 1400 130
cp MPa 570 250 0 460
Gor, MPa 135 0 0 5

e=30%

Vol. fraction 65 % 20 % 12% 0 3% 100 %
oh, MPa 295 315 250 0 285
op, MPa 265 300 250 0 262
Ge, MPa 0 0 55 1010 35
o, MPa - — 835 750 125
Go, MPa 35 35 35 35 35
Gss, MPa 80 315 190 1400 180
cp, MPa 570 250 0 420
Gor, MPa 135 15

€=50%

Vol. fraction 0 60 % 40 % 0 0 100 %
oh, MPa 300 0 180
op, MPa 300 0 180
cel, MPa 20 75 95
os, MPa - 750 300
Go, MPa 35 35 35
G, MPa 315 300 310
op MPa 250 0 150
Gor, MPa 1120 645 930
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o, =maGty,, (12)

where t — thickness of the foil, assumed to be 200
nm; y.e — elastic component of the curvature-torsion
of the crystal lattice.

It was noted above that plastic deformation of
steel is accompanied by intense material fragmenta-
tion. Steel strengthening during the formation of
fragments (substructural strengthening) can be es-
timated based on the ratio [33]:

GS = ksd_la (13)

where ks = 150 N/m; d — size of the formed frag-
ments.

The general steel strengthening in the first ap-
proximation, based on the principle of additivity,
which assumes the independent action of each of
the hardening mechanisms of the material, can be
represented as a linear sum of the contributions of
individual strengthening mechanisms [33]. Howev-
er, it was proved that for dislocation mechanisms
acting locally and inhomogeneously inside a single
grain, such as ch and ol, and which turn out to be
different in amplitude, place of action and physical
meaning, summation should be performed in a
guadratic approximation. Thus, the total strengthen-
ing of steel should be calculated according to the
formula:

G=0,+04+0,+0, +0,+

P (14)

+(of +57)
2500

2000

The results of the quantitative analysis of the
steel structure obtained in this work, as well as in
[29, 30], are presented in Tables 2 and 3. This made
it possible to evaluate the mechanisms of steel
strengthening both in each morphological compo-
nent and to determine the role of each contribution
to the overall steel strengthening (Table 4).

Analysing the results given in Table 4, we can
note, firstly, that the strength of steel is a multifac-
torial value and is determined by the combined ac-
tion of a number of physical mechanisms. Secondly,
the strength of the metal rails depends on the degree
of deformation by compression. Thirdly, the
strength of the metal increases significantly at large
degrees of deformation. The results of summing the
contributions of the identified mechanisms to the
steel strengthening, performed in the additive ap-
proximation, are presented in Fig. 4, b. It is clearly
seen that the performed estimates are in good quali-
tative agreement with the behaviour of the experi-
mental stress-strain curve (Fig. 4, a). The quantita-
tive discrepancy between the corresponding exper-
imentally obtained and estimated values of steel
strength varies within 13 — 28 %. It can be assumed
that one of the reasons for this discrepancy is the
heterogeneity of the steel structure (the presence of
grains of lamellar pearlite and grains of ferrite-
carbide mixture), which, having different strengths,
will make adjustments to the deformation behaviour
of steel.

1500

o, MPa

0 0.1 0.2

0.3 0.4 0.5 0.6
£

Fig. 4. Dependence o — ¢ of rail steel subjected to uniaxial compression loading:
a — experimental curve; b — theoretical curve
Puc. 4. 3aBucUMOCTb G — € PEIBCOBOI CTaH, HOABEPTHYTOH OAHOOCHOMY CXKATHUIO:
a — SKCIEepUMEHTAIbHAs KpUBast, 6 — TEOPETUUECKasi KpUBAs
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Conclusions

Evaluation of strengthening mechanisms at vari-
ous stages of steel deformation was carried out us-
ing the quantitative results of the study of steel
structure subjected to uniaxial compression defor-
mation. It is shown that the main strengthening fac-
tor of the examined steel at the initial stage (=15 %)
is the presence of lamellar pearlite grains. As the
deformation degree rises, the role of this factor de-
creases due to the destruction of cementite plates.
An increase in the deformation degree is accompa-
nied by a decrease in the contribution to the steel
strengthening from scalar and excessive dislocation
density, which is associated with the drifting of dis-
locations into the boundaries of fragments. The role
of contribution of the formation of a solid solution
(due to the dissolution of cementite), fragmentation
(due to a decrease in the size of fragments and an
increase in the relative content of the fragmented
structure) and incoherent particles of the carbide
phase to the steel strengthening rises with the in-
crease in the degree of steel deformation. A good
gualitative agreement of the experimentally ob-
tained and calculated values of steel strength was
revealed. The revealed quantitative discrepancy be-
tween the corresponding experimentally obtained
and estimated values of steel strength might be con-
ditioned by the heterogeneity of steel structure,
namely, the presence of grains of lamellar pearlite
and grains of ferrite-carbide mixture, which, having
different strength, will make adjustments to the de-
formation behaviour of the material.
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