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Abstract—A quantitative comparative analysis of the strengthening mechanisms for the surface layers of rails
is carried out. It is based on the regularities in forming structure, phase composition, defective substructure, and
properties of differentially hardened 100-m rails at different depths (up to 10 mm) and performed in the rail head
along the central axis and along the symmetry axis of the fillet in the initial state and after various periods of extreme
operation (with the handled tonnage of 691.8 and 1411 million gross tons). These regularities are identified using
the methods of modern physical materials science. Contributions to strengthening due to friction of the matrix lat-
tice, intraphase boundaries, dislocation substructure, the presence of carbide particles, internal stress fields, and
solid solution strengthening of the pearlite constituent in the steel structure are assessed.
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INTRODUCTION
The processes involved in the formation and evolu-

tion of structural-phase states and properties of rail
surface layers during continuous operation pose a
complex set of interrelated scientific and technical
issues. The value of information in this area is linked to
a thorough understanding of the fundamental prob-
lems of condensed matter physics, on one hand, and
the practical significance of the problem, on the other
hand [1, 2].

Recently, there has been a significant amount of
interest in studying the condition of rails during con-
tinuous operation and analyzing the reasons for their
removal. The expansion of information in this area is
related both to the drive for understanding the funda-
mental problems of physical materials science and to
the practical significance defined by the continuous
increase in the requirements for rail reliability under
present-day conditions of high axle loads and move-
ment speeds.

The data bank on the regularities of formation of
structural-phase states and dislocation substructure
and distribution of carbon atoms in the head of long-
length differentially hardened rails along the central
axis and along the symmetry axis of the fillet was cre-
ated for the initial state (preoperational condition) and

intermediate tests (with the handled tonnage of
691.8 million gross tons) in [3, 4].

In recent years, the scientific literature has elabo-
rated on the issues related to strengthening and wear of
rails. Evidence has shown that wear defects are initially
created in the surface layers. In addition, the constant
wear initiation corresponds to the accumulation of
plastic deformation reaching a certain level [5–10].

Creating the high-performance characteristics of
rails should be based on the knowledge about mecha-
nisms of structural phase changes in their section
during continuous operation. These mechanisms can
only be identified through the analysis of the evolution
regularities of fine-structure parameters and the
assessment of contributions of structural components
and defective substructure to strengthening the rails
during continuous operation.

The aim of this paper is to carry out a comparative
analysis of the structural-phase state and the physical
nature of metal strengthening in differentially hard-
ened rails after megaplastic deformation under field
conditions (with the handled tonnage of 691.8 and
1411 million gross tons).
1540
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Fig. 1. Schematic diagram of the preparation of a rail sam-
ple through study of its structure using transmission elec-
tron diffraction microscopy. Solid lines indicate the direc-
tions along the central axis (1) and along the fillet (2); dot-
ted lines indicate the locations of the metal layers used to
prepare the foils (surface, 2 and 10 mm from the surface).

1
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MATERIALS AND METHODS
The test materials were three batches of samples

consisting of R65 rails of DT350 category. These sam-
ples were made of E76KhF steel and produced by
AO EVRAZ Consolidated West Siberian Metallurgi-
cal Plant in May 2013 according to TU (technical
specifications) 0921-276-01124323-2012. They were
differentially heat-strengthened. The first batch con-
sisted of samples in the initial state (before laying at
the test site); the second batch consisted samples after
the handled tonnage of 691.8 million tons gross during
field tests at the test loop of the Railway Research
Institute (AO VNIIZhT); and the third batch con-
sisted samples after the handled tonnage of 1411 mil-
lion gross tons.

According to the content of all chemical elements,
the metal from all three batches satisfies the require-
ments of GOST R 51685-2013 for E76KhF steel
(0.72% C; 0.77% Mn; 0.61% Si; 0.01% P; 0.01% S;
0.42% Cr; 0.07% N; 0.14% C; 0.04% V; 0.003% Al;
and 0.003% Ti).

The studies of steel structure was carried out in
much the same way as in [11] using optical microscopy
methods (μVizo–MET-221P metallographic microvi-
sor), scanning electron microscopy (Tescan MIRA3),
X-ray structure analysis (Shimadzu XRD-7000S
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.

Fig. 2. Electron microscope images of lamellar pearlite grains (a)
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X-ray diffractometer, Japan), and transmission elec-
tron diffraction microscopy (EM-125).

The objects of study for transmission electron
microscopy (foils ranging in thickness from 150 to 200
nm) were produced by electrolytic thinning of plates.
They were located at the roll and fillet surfaces 2 and
10 mm from the surface and cut out using electrospark
erosion of metal. The schematic diagram of the sample
preparation is given in Fig. 1.

RESULTS AND DISCUSSION

Structural-Phase State of the Rail Metal
in the Initial Condition

Differential hardening, or differential quenching,
results in the formation of a polycrystalline structure
composed of lamellar pearlite grains (Fig. 2a), degen-
erated pearlite grains (ferrite-carbide mixture) (Fig. 2b
and 2c), and structurally free ferrite grains (ferrite
grains without cementite particles). The main constit-
uent of steel is lamellar pearlite. The relative amount
of structurally free ferrite grains is low and varies from
0.01 to 0.05. The relative amount of lamellar pearlite
grains along the central axis of the rails varies from 0.7
to 0.84 reaching a maximum at a depth of 2 mm. The
relative amount of lamellar pearlite grains along the
symmetry axis of the fillet varies from 0.61 to 0.73,
reaching a maximum at a depth of 10 mm. The relative
amount of degenerated perlite grains varies accord-
ingly.

The lamellar pearlite dispersion (an interlamellar
spacing value) depends on the distance to the head
surface. The average value of interlamellar spacing at a
depth of 2 and 10 mm is practically independent of the
direction of studies (along the symmetry axis of the fil-
let or along the central axis) and its range is found to
be 130–140 nm. The average interlamellar spacing in
the layer forming the roll surface is 160 nm. In the
layer forming the fillet surface, it is 185 nm.

The scalar dislocation density is essentially inde-
pendent of the distance to the railhead surface. It var-
ies within (4.0–4.6) × 1010 cm–2 in the lamellar pearl-
 12  No. 6  2021
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Fig. 3. Electron microscope images of a lamellar pearlite colony after the handled tonnage of 1411 million gross tons (a) and 691.8
million gross tons (b).

(а) 200 nm200 nm200 nm (b) 200 nm200 nm200 nm

Fig. 4. Electron microscope images of the structure forming in the surface layer of the fillet (a, b) and the roll surface (c) after the
handled tonnage of 1411 million gross tons.
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ite grains and within (5.0–6.0) × 1010 cm–2 in the
degenerated pearlite grains. The excess dislocation den-
sity varies within (2.7–3.4) × 1010 cm–2 in the lamellar
pearlite grains and within (3.8–5.2) × 1010 cm–2 in the
degenerated pearlite grains and decreases with dis-
tance from the head surface.

Structural-Phase State of the Rail Metal 
after the Handled Tonnage of 691.8 

and 1411 Million Gross Tons

The plastic deformation occurring in metal during
continuous operation of rails is mostly accompanied
by the structure transformation in lamellar pearlite.
Moreover, two concomitant processes of transforma-
tion of the structure and phase composition in lamel-
lar pearlite colonies were observed to occur: firstly,
cutting the cementite plates and, secondly, dissolving
the cementite plates.

The first process is carried out in accordance with
the mechanism of cutting carbide particles and remov-
ing their fragments. It is accompanied only by the
change in their linear dimensions and morphology
(Fig. 3a).

This fracture mechanism of pearlite colonies can
be observed in the surface layer of the railhead after
the handled tonnage of 691.8 million gross tons, and
fracture of cementite plates in pearlite colonies was
INORGANIC MATE
found both in the surface layer of the railhead and at a
distance of ~10 mm from it after the handled tonnage
of 1411 million gross tons.

The second fracture process of cementite plates in
pearlite colonies takes place via the transition of car-
bon atoms from the crystal lattice of cementite to dis-
locations, followed by the precipitation of nanosized
particles in the carbide phase in the subboundaries and
elements of the dislocation substructure. The micro-
graph presented in Fig. 3b illustrates one stage in the
formation of a dislocation substructure around the
cementite plates. The transformation of the steel
structure is observed to a greater extent in the surface
layer of the railhead.

The structure of the fillet surface layer, which is
formed after the handled tonnage of 1411 million gross
tons, is given in Figs. 4a and 4b; and Fig. 4c presents
the structure of roll surfaces. In both cases, a submi-
crocrystalline and nanocrystalline subgrain (frag-
mented) structure is formed on the surface. The sizes
of subgrains (fragments) vary within 30–40 nm in the
layer that forms the fillet surface (Fig. 4b). The sizes of
subgrains (fragments) vary within 150–300 nm in the
layer forming the roll surface (Fig. 4c). The relative
content of the subgrain (fragmented) structure is 0.25
in the fillet surface layer, and it is 0.15 in the roll sur-
face layer.
RIALS: APPLIED RESEARCH  Vol. 12  No. 6  2021
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The transformations of the steel structure observed
will have the largest effect on the strength and plastic
characteristics of the metal, in the end determining the
product life cycle. The assessments of the strengthening
mechanisms help identify the regularities that link the
parameters of the structure and the strength character-
istics of the material and reveal the physical nature of
the process of evolution of these characteristics.

Physical Nature of Rail Metal Strengthening 
during Continuous Operation

The assessment of strengthening mechanisms was
conducted using the well-known and thoroughly
tested expressions described below.

The steel strength level (yield stress) due to the for-
mation of lamellar pearlite can be assessed in accor-
dance with the formula [12]

(1)
where L is the spacing between cementite plates;

V(P) is the relative content of lamellar pearlite in
steel;

ks is the strengthening factor, ks = 2 × 10–2 Pa m1/2.
The stress required to maintain the plastic defor-

mation, i.e., the f low stress σ required to overcome the
forces of interaction with immobile dislocations (“for-
est” dislocations) through moving dislocations (defor-
mation carriers), is related to the scalar dislocation
density by the following relation [12]:

(2)
where σ0 is the f low stress of nondislocation origin
(i.e., it is caused by other strengthening mechanisms);

ρ is the average (scalar) dislocation density;
m is the Schmid orientation factor;
α is the parameter characterizing the value of inter-

dislocation interactions equal to 0.1–0.51;
G is the shear modulus of steel (~80 GPa);
b is the Burgers vector of a dislocation (0.25 nm).
In terms of the orientation factor m, mα = 0.5 is

usually taken for steels.
The operation of rails is accompanied by the for-

mation of internal stress fields in the steel.
The value of the plastic component of the internal

stress fields can be assessed using the relation [13]

(3)
The value of the elastic component of the internal

stress fields can be assessed using the relation [13]

(4)
Here, t is the foil thickness taken for the calculations
equal to 200 nm;

χelas is the elastic component of the crystal lattice
curvature–torsion.

( ) ( ) ( )−σ = 1 2
sP 4.75 0.24 P ,k L V

σ = σ + α ρd 0 ,mGb

( ) ±σ = α ρpl. .m G b

( )σ = α χelaselas. .m Gt
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The operation of rails is accompanied by the pro-
cess of dynamic aging in steel, which results in the for-
mation of nanosized iron carbide particles in the
material. The steel hardening assessments which take
into account the presence of incoherent second-phase
particles are carried out using the relation [13]

(5)

where λ is the average spacing between particles;
D is the average particle size;
m is the orientation factor equal to 2.75 for BCC

(body-centered cubic) materials;
Ф is the coefficient characterizing the type of disloca-

tions interacting with particles (Ф = 1 for a screw disloca-
tion and Ф = (1 – υ)–1 for an edge dislocation);

М is the parameter which takes into account the
uneven distribution of particles in the matrix equal to
0.81–0.85.

The low-angle boundary strengthening of the
material (substructural strengthening, fragment
boundary strengthening) separating the fragments can
be assessed using the formula [12, 15]

(6)

where m = 1 or 0.5 [16];
L is the average fragment size;
σ0 is the friction stress in the crystal lattice of the

material (30 MPa).
The operation of rails is accompanied, as discussed

above, by dissolution (fracture) of cementite. The car-
bon released in this process is involved in the forma-
tion of nanoparticles in secondary cementite, accu-
mulates on defects of the structure, and gets into the
interstitial sites in the crystal lattice of steel. The
assessment of the solid solution strengthening of steel
due to carbon atoms and other alloying elements was
carried out using an empirical expression of the form
[16, 17]

(7)

where ki is the strengthening factor of ferrite, which is
the gain in the material yield strength when 1 wt % of
the alloying element is dissolved in it; the value of the
factor ki for various elements is determined empiri-
cally. Сi is the concentration of an element dissolved in
ferrite, wt %.
The overall yield strength of steel in the first approxi-
mation based on the additivity principle, which means
the independent action of each of the strengthening
mechanisms of the material, can be represented as the
linear sum of the contributions of the individual
strengthening mechanisms [12, 16–18]:

( ) ( )λ −σ = Φ
π λ −ch ln ,

2 4
mmG b DM

D b

( ) −σ = σ +0 ,mL kL

( )
=

σ = 
1

ss ,
m

i i
i

k C
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Table 1. Assessments of strengthening mechanisms in metal structure of the rails (the contributions are given in terms of
the volume fraction of the structure having this strengthening mechanism)

Average parameters 
for material

Roll surface Fillet

Distance from surface

10 mm 2 mm 0 10 mm 2 mm 0

Initial state
Δσ(P), MPa 146 145 95.8 157 129 103.6
Δσ(L), MPa 0 0 56 0 0 23
Δσ(ρ), MPa 203 206 223 201 208 223
Δσ(h), MPa 168 169 199.5 185.7 171.9 197.8
Δσ(cp), MPa 103 114.4 167.2 119.4 177.3 182
Δσ(ss), MPa 11 11 11.8 11 11 11.8

σ = , MPa 631 645.4 753 684 697 741.4

After handled tonnage of 691.8 million gross tons
Δσ(P), MPa 165 140 41 165 115 48
Δσ(L), MPa 0 0 0 0 0 0
Δσ(ρ), MPa 340 356 363 330 350 375
Δσ(h), MPa 274 351 356 230 300 320
Δσ(cp), MPa 0 0 113 0 0 67
Δσ(ss), MPa 0 0 133 0 0 133

σ = , MPa 779 847 1006 725 765 943

After handled tonnage of 1411 million gross tons
Δσ(P), MPa 142.5 161.5 85.5 152 152 95
Δσ(L), MPa 0 0 473.3 0 0 1455.6
Δσ(ρ), MPa 152.8 181 181.4 164 206 190.4
Δσ(h), MPa 131.3 149 255 148.6 149.6 230.4
Δσ(cp), MPa 154.1 148.5 107 80.6 222.9 195
Δσ(ss), MPa 11 11 11.7 11 11 11.7

σ = , MPa 591.7 651 1114 556.2 741.5 2178.1

=


1
σ

n

i
i

=


1
σ

n

i
i

=


1
σ

n

i
i

(8)

where Δσ0 is the contribution due to the matrix lattice
friction equal to 30 MPa;

Δσ(L) is the contribution due to intraphase bound-
aries;

Δσ(ρ) is the contribution due to the dislocation
substructure;

Δσ(cp) is the contribution due to the presence of
carbide phase particles;

Δσ(h) is the contribution due to internal stress
fields;

( )
( ) ( )

σ = Δσ + Δσ + Δσ ρ
+ Δσ + Δσ + Δσ + Δσ

0 ( )
( cp ss) ( ) P ,

L
h

INORGANIC MATE
Δσ(ss) is the contribution due to solid solution
strengthening;

Δσ(P) is the contribution due to the pearlite com-
ponent of the steel structure.

Thus, having defined the quantitative characteris-
tics of the steel structure, it is possible to carry out the
analysis of the physical mechanisms responsible for
the evolution of the steel yield strength during opera-
tion and also to identify the physical mechanisms for
formation of the strength gradient in the rail steel.

From the quantitative analysis of the steel structure
obtained earlier in [1–4, 19–21], as well as here, the
mechanisms of steel strengthening were assessed. The
assessments are shown in Table 1.
RIALS: APPLIED RESEARCH  Vol. 12  No. 6  2021
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Fig. 5. Dependences of the total yield strength of steel on the distance to the railhead surface along the central axis (a) and along
the symmetry axis of the fillet (b): (1) 1411 million tons; (2) 691.8 million tons; (3) initial state.
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When analyzing the results shown in Table 1, we
can note the following. Firstly, the steel strength is a
multifactorial variable and is determined by the com-
bined effect of some physical mechanisms. Secondly,
the strength of the rail metal is dependent on the dis-
tance to the head surface, irrespective of the test point
(along the central axis or along the symmetry axis of
the fillet). Thirdly, the metal strength increases toward
the head surface and it is higher along the symmetry
axis of the fillet than along the central axis. Fourthly,
the major strengthening mechanism of metals in the
surface layer (in the layer forming the head surface)
after the handled tonnage of 1411 million tons is sub-
structural, which is due to the interaction of moving
dislocations with small-angle boundaries of fragments
and nanosized subgrains.

In Fig. 5, the dependences of the total yield
strength of steel in the 100-m differentially hardened
rails on the distance to the head allow monitoring of
changes in the metal strength during operation. Here, it
is clearly seen that the increase in the handled tonnage
during operation in the range from 691.8 to 1411 million
tons results in a significant increase (1.5–2 times) in the
yield strength of steel. In addition, only the metal sur-
face layer with a thickness of no more than 2 mm is
subjected to strengthening. The strength characteris-
tics of steel at greater distance from the head surface
remain at the level of strength characteristics of steel in
the initial state. The strength of the steel surface layer
essentially is largely dependent on the location of the
tested layer; namely, the strength of the metal surface
layer in the fillet (Fig. 5b) is almost 2 times higher than
the strength of the metal surface layer in the roll sur-
face (Fig. 5a).

The plastic deformation of most metals and alloys
is accompanied by fragmentation of the grain struc-
ture [22]. The evolution of the fragmentized structure
that occurs when the degree of deformation increases
results in the formation of local sites incapable of fur-
ther evolution (a so-called critical structure is formed
[22]). This critical structure acts as a point for the duc-
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.
tile fracture initiation of the material. On the basis of
the results given in Table 1, it may be expected that the
fracture of the metal will occur primarily in the surface
layer of the fillet, where the formation of a subgrain
structure with subgrain sizes of 100 nm after 1411 mil-
lion tons is observed.

CONCLUSIONS
The plastic deformation of the metal during opera-

tion of rails is accompanied by the transformation of
the structure in the lamellar pearlite colonies: firstly,
by cutting the cementite plates and, secondly, by dis-
solving them. These fracture mechanisms of pearlite
colonies can be found in the surface layer of the rail-
head up to 2 mm thick after the handled tonnage of
691.8 million gross tons. The fracture of cementite
plates in the pearlite colonies after the handled ton-
nage of 1411 million gross tons is found in the layer
~10 mm thick. In addition, a submicrocrystalline and
nanocrystalline subgrain (fragmentized) structure is
formed in the surface layer of the railhead. The sizes of
subgrains (fragments) in the layer forming the fillet
surface vary between 30 and 40 nm. The sizes of sub-
grains (fragments) in the layer forming the roll surface
vary between 150 and 300 nm. The relative content of
the subgrain (fragmentized) structure is 0.25 in the
surface layer of the fillet and 0.15 in the surface layer of
the roll surface.

In particular, this paper presents the following
results: (1) the steel strength is a multifactorial variable
and is determined by the combined effect of some
physical mechanisms; (2) the metal strength level
increases toward the railhead surface; (3) the main
strengthening mechanism of metals in the surface
layer (in the layer forming the railhead surface) after
the handled tonnage of 1411 million tons is the sub-
structural mechanism, which is due to the interaction
of moving dislocations with low-angle boundaries of
fragments and subgrains; (4) the steel strength level
(yield strength) increases greatly (1.5–2 times) with
 12  No. 6  2021
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increasing handled tonnage in the range from 691.8 to
1411 million tons; and (5) the strength of the metal
surface layer in the fillet is almost 2 times higher than
the strength of the metal surface layer in the roll sur-
face.

Therefore, the suggestion has been made that the
fracture of the rail metal will occur primarily in the
surface layer of the fillet, where the formation of local
sites with the so-called critical structure incapable of
further evolution has already been observed after the
handled tonnage of 1411 million tons.
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