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Regularities and mechanisms of the formation of structural-phase states and properties at different depths in the railheads
along the central axis and fillet after differential quenching of 100-meter rails and extremely long operation (passed tonnage
1411 million tons gross weight) have been revealed by the methods of the modern material science. It has been shown that
differential quenching is accompanied by the formation of a morphologically multi-aspect structure presented by grains of
lamellar perlite, ferrite-carbide mixture and structure-free ferrite. It has been shown that extremely long operation of rails is
accompanied by numerous transformations of the metal structure of the rail head. Based on the analysis of the evolution of
structural phase states along different directions in the head of 100-meter differentially quenched rails after a passed tonnage
of 1411 million tons and an estimation of the contributions into the strengthening of surface layers, the dependence of the
total yield point on the distance to the surface along the central axis and the symmetry axis of fillet is revealed. During
long-term operation of rails, the degradation of the lamellar pearlite structure occurs in a layer with a thickness of =10 mm.
A submicron- and nano-sized subgrain structure is formed in the surface layer. It is shown that the failure of the rail metal will
take place in the surface layer of fillet, where the critical level of the structure is formed.
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Mertomamu COBpeMeHHOTO (M3MYECKOTO MaTepuanoBefieH s BbIBIEHbl 3aKOHOMEPHOCTI U MeXaHU3Mbl (POPMUPOBAHNS
CTPYKTYPHO-(a30BBIX COCTOSHMUI U CBOVICTB Ha Pa3/IMYHON IyOMHE B FOJIOBKE PEIbCOB IO LIEHTPAIbHOI OCK U BBIKPY>KKe
nocne gy depeHuypoBaHHOI 3aKanKy 100-MeTPOBBIX PeIbCOB M SKCTPeMaIbHO JIUTE/IbHOM 9KCIITyaTaluy (IIPOI Y1 eHHBII
TOHHaX 1411 muH. TOHH 6pyrro). IlokasaHo, yTo mmMdpdepeHIMpOBaHHAA 3aKaJlKa COINPOBOXKIAETCA (OpPMUPOBAHUEM
MOpGOIOrnYecKkyt MHOTOIVIAHOBOJ CTPYKTYPBI, IIPEACTABICHHOI 3epHAMI IUIACTVHYATOrO Hep/nTa, GeppuTo-KapOoumgHoi
CMecu U CTPYKTYpHO-cBo6opHOro deppura. IlokazaHo, YTO 3KCTpeMabHO JIUTEbHASA IKCIUIyaTallMsl PEIbCOB COIPO-
BOXKJIAeTCSI MHOXKECTBEHHBIM IIpeoOpasoBaHyeM CTPYKTYPbI MeTajIIa FOJIOBKM penbcoB. Ha ocHOBaHMM aHa/IM3a 9BOJIOLNN
CTPYKTYPHO-(a30BBIX COCTOSHUIL ITO Pa3HBIM HaIlpaB/IeHVAM B royioBke 100-MeTpoBbIX Ay depeHIMpOBaHHO 3aKaIeHHBIX
PEbCOB MOCTIe MPONYIEHHOTO TOHHaXKa 1411 M/IH. TOHH M OLIEHKM BK/IaJIOB B yIIPOYHEHNE IOBEPXHOCTHBIX C/IOEB BbIAB/IEHA
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3aBMCHMOCTb CYMMapHOTO IIpefieIa TeKY4eCTy OT PacCTOAHNUA JI0 IOBEPXHOCTH BJIOJIb IIeHTPANTbHON OCU U OCU CYMMETpPUI
BBIKPY>KKI. [l TeIbHAs SKCITyaTallysA peNnbCoB COIPOBOXKAETCA ieTpajialiueil CTPYKTYpPhI ITIACTMHYATOTO TIEP/INTA B C/I0e
TONMIMHON =10 MM. B moBepxHOCTHOM crmoe ¢popMupyeTcss CYyOMMKPO U HAHOKPUCTA/IMYecKas CyO3epeHHas CTPYKTypa.
I[ToxasaHo, 4TO paspylleHNe MeTajlIla PeIbcoB OyieT MPOUCXONUTD B TOBEPXHOCTHOM C/I0€ BBIKPYXKKH, Tfie GOpMUpPyeTcs

KPUTUYECKUI YPOBEHb CTPYKTYPHI.

KnroueBbie crioBa: ferpagannAa CTpyKTYypbl, YIIPOYHEHNE, CyMMaprIﬁ IIpenen TEKYy4eCTU, PEIbChl, NINTEIbHAA 9KCIITyaTallls.

1. Introduction

The processes of formation and evolution of structural phase
states and properties of surface layers of rails in long-term
operation represent a complex group of interrelated scientific
and technical problems. The importance of information in
this field is determined by the depth of understanding of the
fundamental problems of the physics of condensed matter, on
the one hand, and the practical importance of the problem,
on the other hand [1,2]. Consideration of the behaviour of
rails in long-term operation and analysis of the reasons for
their withdrawal have recently been of great interest.

In the context of the crystal lattice curvature [3], the
formation of high operation properties of rails should be
based on the knowledge of the mechanisms of structural
phase changes in the cross-section of rails in their long-
term operation. Such mechanisms can only be revealed
by analyzing the evolution regularities of fine structure
parameters and estimating the contributions of structural
constituents and defect substructure to the strength of rails in
long-term operation [4, 5].

The high level of contact stresses in the rail head metal
causes significant irreversible changes already with a
comparatively small passed tonnage. This applies to the
surface layers, where substantial changes in the structure,
irregular high values of microhardness, the phenomena
of cementite dissolution, etc are observed. This can be the
reason for the failure of rails [6,7]. Issues related to the
wear of rails have recently been surveyed in detail in foreign
literature. It is proved that wear defects are initially formed in
the surface layers, in this case, the onset of permanent wear
coincides with the accumulation of a definite level of plastic
deformation [8 -13].

The goal of the research is to establish the character of
the variation in the total yield point along the cross-section
of rails on the basis of the estimation of the mechanisms of
strengthening of the surface layers.

2. Material and Methods

100-meter differentially quenched rails of DT350 category
withdrawn from the track on the Experimental ring of
Russian Railways after a gross passed tonnage of 1411 mln.
tons were used as a material under study. The chemical
composition of the sample metal met the requirements of
specification for E76KhF steel (C: 0.71-0.82; Si: 0.25 - 0.60;
Mn: 0.75-1.25; Cr: 0.2-0.8; V: 0.03 — 0.15; Fe — basis metal).
The structure and phase composition of the rail metal at
different distances from the tread surface along the central
axis and along the fillet (Fig. 1) were studied by the methods
of scanning and transmission electron microscopy.

Fig. 1. Diagram of sample preparation in making subjects of research
by methods of transmission electron microscopy. 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.

3. Results and Discussion

Differential quenching of rails results in the formation
of a structure presented by pearlite grains of lamellar
morphology, grains of degenerate pearlite (ferrite-carbide
mixture) and grains of structure-free ferrite (ferrite grains
containing no cementite particles) [2].

Long-term operation of rails leads to a substantial
transformation of the structural phase state of rails. Firstly, it
is a failure of the lamellar pearlite structure and the formation
of a subgrain structure with submicron (100-150 nm)
dimensions in the volume of pearlite colonies. Secondly, it
is the precipitation of carbide phase particles of nanometer
range along the boundaries and in the volume of subgrains.
Thirdly, itis the increase in microdistortions and crystal lattice
parameter of a solid solution based on a-iron. Fourthly, it is
work hardening of metal leading to the increase (by 1.5 time)
in scalar and excess dislocation density [3, 14 -17] relative to
the initial state.

In the layer forming the surface of the working fillet,
the dimensions of subgrains (fragments) vary within the
limits of 30 -40 nm (Fig. 2a). In the layer forming the tread
surface, the dimensions of subgrains vary within the limits of
150-300 nm (Fig. 2b). The relative content of the subgrain
structure in the surface layer of the working fillet is 25%; in
the surface layer of the tread surface it is 15%.

The established transformations of the steel structure will
influence significantly the strength and plastic characteristics
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of the metal, determining the service life of the product.
Evaluation of the strengthening mechanisms allows us to
reveal the regularities connecting the parameters of the
structure and the strength properties of the material, and
to disclose the physical nature of the process of evolution of
properties. We chose the yield point as an integral criterion
for changing properties, because it depends on many factors
of strengthening presented in [3,15-17].

In this case, it is necessary to take into account the
contributions caused by the matrix lattice friction, intraphase
boundaries, dislocation substructure, the presence of carbide
particles, internal stress fields, solid solution strengthening,
pearlite constituent of the steel structure [4,5,14-17].

Basing on the principle of additivity, which assumes the
independent action of each of the material strengthening
mechanisms, to the first approximation the total yield stress
can be represented as the linear sum of the contributions of
separate mechanisms of strengthening:

o0=Ac,+Ac(L) +Ao(p) + Ac(h) + Ao(part.) +
+Ao(sol.sol.) + Ao(P).

Ac,=30 MPa is the contribution due to the matrix lattice
friction, Ao(L) is the contribution due to intraphase
boundaries, Ac(p) is the contribution due to the
dislocation substructure, Ao(part.) is the contribution due
to the presence of carbide phase particles, Ac(h) is the

contribution due to the internal stress fields, Ao(sol.sol.)
is the contribution due to the solid solution strengthening,
Ac(P) is the contribution due to the pearlite constituent
of the steel structure [4,5,14-17]. The numerical values of
these quantities for calculating the yield point were taken
from our papers [3,15-17].

Dependences of the total yield point of 100-meter
differentially quenched rail steel on the distance to the rail
head, shown in Fig. 3, allow us to trace the change in the yield
point strength of the metal in the process of operation. It is
clearly seen that only the surface layer of the rail metal not
more than 2 mm in thickness is subjected to strengthening.
With a larger distance from the rail head surface, the
strength properties of steel remain at the level of those in the
initial state. The strength of the steel surface layer depends
substantially on the location of the layer being analyzed,
namely, the strength of the surface layer of the working
fillet metal is practically 2-fold higher than that of the tread
surface metal. Different values of the yield point for the tread
surface and the fillet and their variation in cross-section are
connected, in our opinion, with a more intensive deformation
effect on fillet in operation.

Comparison with the estimation results of the steel total
yield point of 100-meter differentially quenched rails with
a passed tonnage of 691.8 mln. tons [4,5] shows that the
increase in the passed tonnage up to 1411 mln. tons leads

Fig. 2. Electron
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Fig. 3. Dependences of the total yield point of steel on the distance to the rail head surface along the central axis (a) and along the symmetry
axis of the working fillet (b); curve 1 — 1411 mln. tons; curve 2 — initial state.
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to a substantial increase (by 1.5-2 times) in the yield point
strength of steel.

Severe plastic deformation is accompanied by structure
fragmentation and phase transformations [18,19] in most
metals and alloys. First of all, this manifests itself in an
increase in the curvature of the crystal lattice and a decrease
in translational invariance [20]. There is a change in the
deformation substructure and its capacity to resist the effect
of mechanical loads. The formation of a fragmented structure
with subgrain sizes down to 100 nm in the surface layer of the
working fillet precedes the development of failure processes.
Nano- and microcracks develop along boundaries of such
fragments in subsequently.

4. Conclusion

Long-term operation of rails is accompanied by structural
degradation of lamellar pearlite colonies. The failure of
cementite occurs in a layer with a thickness of =10 mm. A
submicro- and nanocrystalline subgrain structure is formed
in surface layer of the rail head. The relative content of such
a fragmentary structure amounts to 25% in surface layer
of the working fillet; it is 15% in that of the tread surface.
The character of the variation in the total yield point along
different directions in the rail head has been established
and it has been noted that the metal failure will occur in the
surface layer of the fillet, where the critical level of the crystal
lattice curvature is formed. Comparison with the estimation
results of the total yield point with a passed tonnage of
691.8 million tons has been made.
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