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The quantitative estimation of strengthening mechanisms
of rails’ surface layer is carried out on the basis of regularities
and formation mechanisms of structure-phase states
revealed by the methods of modern physical materials
science. It is performed at different depths of the rail head
along the central axis and fillet of differentially quenched
100-meter rails after the extremely long-term operation
(gross passed tonnage of 1411 mln tons). A long-term
operation of rails is accompanied by the formation
of structural constituent gradient consisting of a regular
change in the relative content of lamellar pearlite, fractured
pearlite, the structure of ferrite-carbide mixture, scalar, and
excess dislocation density along the cross-section of the rail
head. As the distance to the rail fillet surface decreases,
the relative content of metal volume with lamellar pearlite
decreases. However, the relative content of metal volume
with the presence of the fractured pearlite structure and
ferrite-carbide mixture increases. The contributions caused
by the matrix lattice friction, intraphase boundaries,
dislocation substructure, presence of carbide particles,
internal stress fields, solid-solution strengthening, pearlite
component of steel structure are estimated. It is shown that
the main mechanism of strengthening in the surface layer
is due to the interaction of moving dislocations with low-
angle boundaries of nanometer dimensional fragments and
subgrains. The main dislocation strengthening mechanism
in a near-surface layer at a depth of 2-10 mm is due
to the interaction of moving dislocations with immobile ones.

[Tposenena KonmuyecTBeHHAsA OIjeHKA MEXaHM3MOB
YIPOYHEHNUA IOBEPXHOCTHOTO C/I0S1 HA OCHOBE 3aKOHO-
MEpHOCTell I MeXaHU3MOB (pOPMIPOBAHNSA CTPYKTYP-
HO-(a30BbIX COCTOSHIIA, BEIABICHHBIX METOfIaMI COBpe-
MEHHOTO (pM3NIECKOTO MaTepraloBeNeH s Ha Pa3HOIl
r1y6MHe TOJIOBKU pefibCa 110 LeHTPAIbHON OCK U BbI-
KpyXKKe IuddepeHInpoBaHHO 3aKaeHHbIX 100-MeTpo-
BBIX PENIbCOB IIOC/IE€ 3KCTPEMAIbHO JIIUTENbHOM 3KC-
IUTyaTanyy (IIPOIMYILIeHHBII TOHHAX 1411 MIH TOHH).
JnurenbHasg SKCITyaTalis PelbCOB CONPOBOXK/AETCA
dbopMupoBaHueM I'pafyieHTa CTPYKTYPHBIX COCTABJIA-
IOIMX, 3aK/TI0YAIOIEr0CsA B 3aKOHOMEPHOM M3MEHEHUN
OTHOCUTENBHOTO COJI€P>KaHNA IIAaCTUHYATOTO MEePIINn-
Ta, Pa3pyLIEHHOTO TepINTa U CKaIIAPHOM CTPYKTYPOl
dbeppuT-Kap6UAHOI cMecu 1 M36BITOYHON IIOTHOCTHI
OVICTIOKALMII 110 CEYEeHMIO TONOBKM penbcob. Ilo Mepe
IpUOMVDKEHNA K IOBEPXHOCTY BBIKPY>KKI PEIbCOB OT-
HOCHUTEe/IbHOE COfiep)KaHye o6beMa MeTajIa co CTPYK-
TYpOIf IVIACTMHYATOTO Iep/INTa CHIUKAETCH, @ CO CTPYK-
TYpOIt paspyLIeHHOrO IepauTa 1 Gpeppruro-KapougHoI
cMmecn yBennuuBaeTcs. OLieHeHbl BKIa/ibl TPEHNA pe-
IIeTKY MaTPUIbL, BHYTPU(A3HbIX I'PAHNII, JUCTOKALIN-
OHHOIL CyOCTPYKTYPBI, Ha/M4Msi KapOUFHBIX YaCTUL,
IIoJIell BHYTPEHHUX HAIPSAXXEeHUI, TBEPLOPaCTBOPHO-
IO yIPOYHEHNA, IEPIUTHONM COCTABIIAIOLIEN CTPYKTYPbI
cramm. ITokasaHo, 4TO B TOBEPXHOCTHOM C/I0€ OCHOBHOM
MeXaHU3M YIPOYHEHNsT 00YCIOBIEH B3aNMOfeCTBIEM
OBVDKYIIMXCSA AMCIOKAIUI C Ma/IOYT/IOBBIMY TPAHUIIAMMI

" Analysis of structure-phase state of steel is supported by RFBI grant (project Ne 19-32-60001), analysis of strengthening
mechanisms is supported by of RSF grant (project Ne 19-19-00183).



HN3BecTra Aarly. duznka. 2021. N2 1 (117)

Key words: strengthening mechanisms, structure, surface
layers, rail head, long-term operation.

DOI: 10.14258/izvasu(2021)1-05

Introduction

Nowadays up to 85 % of freight and more than 50%
of passenger transportations are carried by railway trans-
port globally. A considerable increase in the intensi-
ty of railway transport and its freight traffic density has
recently been observed. It requires a high operational re-
sistance of rails. The differential quenching technolo-
gy of 100-meter rails is used to solve these problems.
The formation and evolution of structure-phase states
and properties of rails’ surface layers in long-term opera-
tion present a complex group of interrelated scientific
and technical problems. The importance of the informa-
tion is determined by the depth of understanding of con-
densed state physics fundamental problems, on the one
hand, and the practical importance of the problem,
on the other [1, 2].

It is apparent that there are different processes (recrys-
tallization, relaxation processes, phase transitions, decay
and formation of phases, amorphization, etc.) influenced
by deformation during the long-term operation. The pro-
cesses lead to the evolution of structural phase states and
are accompanied by the formation of structural phase
gradients [1-4]. Therefore, the revealing of nature and
regularities of structure, phase composition, and defec-
tive substructure in a rail head at long operation is of ut-
most importance.

In recent years the problems related to the strengthening
and wearing of rails have been surveyed in detail in the pa-
pers [3-9]. The formation of high operating properties of rails
should be based on the knowledge of mechanisms of struc-
tural-phase changes and strengthening along the cross-
section of rails in their long-term operation. It is possible
to reveal the mechanisms only by analyzing the regulari-
ties of parameter evolution of fine structure and estimating
the contributions of structural components and defect sub-
structures to rails’ strengthening in long-term operation.

For interim tests (passed tonnage of 691.8 mln tons
gross weight), the data bank on the regularities of formation
of structural phase states and a dislocation substructure,
the distribution of carbon atoms in the head of long diffe-
rentially quenched rails along the central axis and along fil-
let after the long-term operation has been developed in re-
searches [10]. The gradient character of the structure, phase
composition, and defect substructure being characterized
by the regular change in scalar and excess dislocation den-
sity, the curvature-torsion of the crystal lattice and the de-

34

¢bparmenToB 1 cy63epeH HAHOMETPOBOTO pasmepa. B mpu-
TIOBEPXHOCTHOM C7I0€ Ha ITy6uHe 2—10 MM OCHOBHOII Me-
XaHM3M YIIPOYHEHUSA CBA3AH C B3aIMOJIEVICTBIEM [BVIKY-
LIVMXCSA JUICTIOKALVIA C HEITOABVKHBIMIA
Kntouesvie cno6a: MeXxaHU3MBI YIIPOYHEHNS, TIOBEPXHOCT-
HbIE€ C/IOM, CTPYKTYpa, TOJIOBKA PEIbCa, IINTEIbHAA 9KC-
TTyaTamus.

gree of strain transformation of lamellar pearlite structure
along the cross-section of a rail head have been studied.

The theoretical estimates of metallic additive yield
point along the central axis and along the fillet are per-
formed, in terms of physical material science, using
the multi-aspect analysis of strengthening caused by car-
bide phase particles, by the formation of pearlite struc-
ture and dislocation substructure, by long-range stress
fields and by solid-solution strengthening. The contribu-
tions into rail strengthening after passed tonnage of 500
and 1000 mln tons for bulk quenched 25-meter rails are
assessed, and physical mechanisms are evaluated in re-
search [11].

This study aims to quantitatively estimate the strengt-
hening mechanisms of surface layers of differentially
quenched 100-meter rails along the central axis and along
fillet after extremely long-term operation.

Material and methods of investigation

The rails of the DT350 category with the gross passed
tonnage of 1411 mln tons are taken from the Experimental
ring track of the Russian Railways for further research.
The certified batch of rails has been manufactured by OJSC
‘Evraz-West Siberian Metallurgical Plant’ in June 2013 fol-
lowing the requirements of the Technical Specifications
0921-276-01124323-2012 and undergone the differ-
ential thermal strengthening. The chemical compo-
sition of a rail metal sample meets the requirements
of the Russian Standard P 51685-2013.

The examinations of a metal structure are carried
out using the methods of optical microscopy (metal-
lographic microvisor uVizo-MET-221P), scanning
electron microscopy (MIRA3 Tesan), X-ray structural
analysis (X-ray diffractometer XRD-7000S (Shimadzu,
Japan)), and transmission electron diffraction mi-
croscopy (device EM-125) [12-14]. The samples
(150-200 nm thick foils) examined by the transmis-
sion electron microscopy are manufactured by electro-
Iytic thinning of plates cut out by electric spark erosion
of metal and located near tread surfaces at a distance
of 0, 2, and 10 mm. The diagram of sample preparation
is shown in Fig. 1.

The hardness is measured at the tread surface accor-
ding to the Brinell and Rockwell methods and following
the Technical Specifications TU 0921-276-01124323-2012.
In addition, the hardness is also measured at the upper part
of the rail neck (=30 mm higher than specified by state-
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Fig. 1. Diagram of sample preparations for TEM studying.
1 tread surface, 2 layer at a distance of 2 mm
from the surface, 3 layer at a distance of 10 mm
from the surface. a) fillet; b) central axis

ment 6 of article 1.8.1 TU 0921-276-01124323-2012) and
along the cross-section of the rail neck in the transverse
direction at a distance of 2 mm, 10 mm, and 22 mm from
the tread surface of a rail head along the vertical axis of sym-

metry. The microhardness is tested by the Vickers method
with the indenter loading of 300 mN and a distance of 2 mm
and 10 mm from the tread surface, with 5 measurements
in each zone, using the PMT-3 equipment.

Results and Discussion

The complex quantitative studies of structure, phase com-
position, defect substructure, and tribological properties at
adifferent distance from the tread surface along the central axis
and along the fillet have been carried out in our works [15-19].

It is stated that the rail structure in the layer located
at a distance of 10 mm from the surface is formed by pearli-
te grains of lamellar morphology. The regions of ‘degene-
rate pearlite’ and grains of structurally-free ferrite (ferrite
grains in a volume of which cementite particles are absent)
are present in negligible quantity.

The deformed pearlite can be found at a distance
of 2.0 mm from the working surface in addition
to the constituents mentioned above. It contains
the cementite plates fractured into separate parts being
displaced relative to each other (Fig. 2, a). The structure
that we call the ‘ferrite-carbide mixture’ is also formed
in the surface layer (Fig. 2, b).

Fig. 2. Structure of rail metal; a — fractured lamellar pearlite; b — ferrite-carbide mixture;
a — layer at the depth of 2 mm; b — surface layer of fillet

The characteristic feature of the structure is a nanodi-
mensional range of grains, subgrains, and particles of the car-
bide phase forming it. The size of grains and subgrains for-
ming the type of structure varies in the limits of 40-70 nm
(Fig. 3, a). The size of carbide phase particles located along

the boundaries of grains and subgrains varies in the limits
of 8-20 nm (Fig. 3, b).

The relative content of structural constituents of rail
metal shown in Figs. 2-3 varies according to Fig. 4 a.

Fig. 3. Electron microscopic images of ‘ferrite-carbide mixture’ structure.
Arrows indicate in (b) the particles of carbide phase
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It is clearly seen that long-term rail operation is accompa-
nied by the formation of structural constituents’ gradient.
It includes the regular decrease in the relative content of ma-
terial volume with lamellar pearlite structure and the increase
in that with the structure of fractured pearlite and ferrite-car-
bide mixture as the fillet surface is approached.

It is stated by the methods of transmission electron
microscopy that the dislocation substructure is present
in the ferrite constituent of pearlite colonies and the grains
of structure-free ferrite. Following the classification given
in [20, 21], the dislocations form tangles and networks or
are distributed chaotically. The results presented in Fig. 4,
b testify that the scalar dislocation density of rails increa-
ses as the fillet surface is approached. Scalar dislocation
density increases the most intensively in lamellar pear-
lite structure, the least intensively — in degenerate pear-
lite and fractured pearlite structure.
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Fig. 4. Diagram of relative content of rail structural
constituents (a), scalar (b) and excess (c) dislocation density
gradient, X — distance from the working fillet surface;
1— degenerate perlite + fractured pearlite;

2 — lamellar pearlite; 3 — ferrite-carbide mixture

The long-term operation of rails is accompanied
by the formation of internal stress fields in steel. The research
conducted by transmission electron microscopy methods
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reveals the presence of stress fields in the material
as the appearance of bend extinction contours [22]
indicating the curvature-torsion of the crystal lattice
of the foil part.

The estimation procedure of internal stress fields’ value is
reduced to the determination of curvature-torsion of crystal
lattice x [20-22]:

_9¢ 0017
o0 h

where h is transverse sizes of bend extinction contour.

The value of excess dislocation density p+ is related to cur-
vature-torsion gradient of the crystal lattice x through abso-
lute value of the Burgers dislocation vector b:

_1 99
Pe =y a0

Thus, having determined the transverse sizes of bend
extinction contour of various structural constituents
of steel experimentally, it is possible to estimate the value
of excess dislocation density.

Analyzing the results in Fig. 4, ¢, it may be noted that
excess dislocation density value reaches the largest magni-
tudes in lamellar pearlite structure, while the least onesin
ferrite-carbide mixture structure. As the distance from
the fillet surface increases, the value of excess dislocation
density decreases, which testifies the decrease in the amp-
litude of internal stress fields of rail metal.

It is established that the scale of localization of in-
ternal stress fields of rail material depends, in a regular
way, on the distance from the fillet surface. It is found
that the internal stress fields in the steel layer at a depth
of =10 mm are localized in the bulk of the pearlite colo-
ny; the sources of stress fields are the interfaces of colo-
nies or pearlite grains. The extinction contours in the lay-
er at a depth of =2 mm are localized in the bulk of several
ferrite plates. Finally, the extinction contours in the layer
that forms the fillet surface are localized mainly in the bulk
of individual ferrite plates. It means that the deformation
effect that occurs during the long-term operation of rails
results in the formation of a gradient of localization vo-
lume of internal stress fields of rail metal and, consequent-
ly, a substantial increase in the number of stress concentra-
tion that, in its turn, will facilitate the increase in the level
of embrittlement and rails’ failure.

Measurements of hardness done along the head cross-
section in the transverse direction demonstrate that the HRC
hardness at a depth of 2 mm is 37.1, at a depth of 10 mm —
35.8, at 22 mm — 35.6. Microhardness at a depth of 2 mm
amounts to 1481 MPa; microhardness at a depth of 10 mm is
substantially lower and amounts to 1210 MPa [15-17].

It is obvious that the detected difference in microhard-
ness values in metal thickness is due to structure-phase
change in steel having a place in rail operation. The results
of the analysis of steel structure and phase composition
mentioned above testify to a multi-factor strengthening
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of the material. The obtained quantitative characteristics
of steel structure presented in [15-19] permit one to exa-
mine the physical nature of the increase in steel strengt-
hening, estimate its strengthening mechanisms, and iden-
tify the dominating mechanisms determining the steel
strength being characterized by microhardness in the re-
search. It is evident that it is impossible to consider all
morphological and phase diversity of steel structure while
determining the material microhardness. In this relation,
the quantitative estimate of steel strengthening mecha-
nisms will be realized on the basis of quantitative cha-
racteristics averaged in material volume (concerning vo-
lume fraction and characteristics of different substructure
types). The estimates of strengthening mechanisms va-
lue are performed using widely accepted expressions pre-
sented in [23-37].

The contributions caused by friction of matrix lattice
Ao, [38], pearlite component of steel structure Ac(P) (38, 39],
dislocation substructure Ao(p) [39-42], internal stress
fields Ao(h) [1, 43], carbide phase particles Ao(part.) [44,
45], intraphase boundaries Ac(L) [1, 38], solid solution
strengthening Ao(sol. sol.) [38, 46-48] are analyzed.

Hence, having obtained the quantitative characteristics
of steel structure, it is possible to perform the analysis
of physical mechanisms responsible for the evolution
of hardness in steel in the process of rail operation
in a first approximation and to detect the physical
mechanisms of hardness gradient formation in rail steel.

The total yield point of steel o in a first approximation based
on the additivity principle that supposes the independent
action of each of material strengthening mechanisms may
be presented as a linear sum of contributions of individual
strengthening mechanisms [1, 38, 39, 46, 49]:

o=Ao +Ac(L)+Ac(p)+ Ac(h)+Ac(part.)+Ac(sol. sol.)+ Ac(P).

The estimates of steel strengthening mechanisms are
carried out using the results of quantitative analysis of steel

structure presented in [15-19]. The estimated results are
listed in Table.

Table
Estimates of strengthening mechanisms of rail metal being formed at different distances along central axis
and along fillet in head of 100-meter differentially quenched rails after extremely long-term operation
Tread surface Working fillet

Average parameters in material

10 mm 2 mm Surface 10 mm 2 mm Surface
Ao(P), MPa 142.5 161.5 85.5 152 152 95
Ao(L), MPa 0 0 4733 0 0 1455.6
Ao(p), MPa 152.8 181 181.4 164 206 190.4
Ao(h), MPa 131.3 149 255 148.6 149.6 230.4
Ao(part.), MPa 154.1 148.5 107 80,6 2229 195
Aa(sol. sol.), MPa 11 11 11.7 11 11 11,7
o=)" 0,MPa 591.7 651 1114 556.2 741.5 2178.1

The following facts may be noted when analyzing
the results listed in Table. Firstly, steel strength is a multi-factor
value determined by the joint action of a number of physical
mechanisms. Secondly, the strength of rail metal depends
on the distance to the head surface independent of the analysis
site (along the central axis or along the symmetry axis
of the fillet), which is in agreement with the results obtained
while estimating the steel microhardness. Thirdly, the rail
metal strength increases while approaching the head surface.
Fourthly, the main mechanism of rail metal strengthening
in a subsurface layer (in the layer located at a depth
of 2-10 mm) of the rail head is a dislocation one caused
by the interaction of moving dislocations with immobile
dislocations (‘forest’ dislocations). Fifthly, in the surface layer
of the rail head, the main mechanism of metal strengthening
involves the interaction of moving dislocations with low-
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angle boundaries of nanometer-dimensional fragments and
subgrains.

Conclusion

The analysis of strengthening mechanisms of rail
head metal along the symmetry axis of the fillet and along
the central axis (tread surface) is carried out. It is shown
that the strengthening has a multi-factor character in both
cases and is determined by the superposition of a number
of physical mechanisms.

It is shown that the increase of microhardness and
hardness of rail steel subjected to long-term operation
has a multi-factor character and is due to several
factors. Firstly, the substructural strengthening is caused
by the formation of nanodimensional fragments whose
boundaries are stabilized by carbide phase particles.
Secondly, the strengthening by nanodimensional particles
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of carbide phase is located in the volume of fragments
and on dislocations (dispersion strengthening). Thirdly,
the strengthening is introduced by internal stress fields
being formed due to deformation incompatibility
of adjacent grains, crystallites of different phases, presence
of microcracks.

It is determined that there are several most important
physical mechanisms ensuring the high strength properties
of rail head metal subjected to the extremely long-term ope-

ration. It is a dislocation mechanism caused by the inter-
action of moving dislocations with the immobile disloca-
tions (‘forest’ dislocations) in the subsurface layer (the lay-
er located at a depth of 2-10 mm) of rail head. For the case
of the surface layer of the rail head, it is the mechanism that
involves the interaction of moving dislocations with low-
angle boundaries of nanometer-dimensional fragments
and subgrains.
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