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Structural changes at metal of a railway wheel along rolling surface

Vakulenko I.Alex?., Kurt B.?, Bolotova D.°, Colova O°.

& Department of Applied Mechanics and Materials Science, Ukrainian State University Science and Technology,
Dnipro, Ukraine, E-mail: vakulenko_ihor@ukr.net
bEngineering and Architecture Faculty Metallurgy and Materials Engineering Department, Nevsehir University,
Nevsehir, Turkey, E-mail: bkurt74@gmail.com
C
Dnipro Lyceum of Railway Transport, Dnipro, Ukrain, e-mail dasha.bolotova@i.ua

OIDepartment of Mechanica Engineering, Karabuk University, Karabuk, Turkey, E-mail: omercolova@gmail.com

Abstract

As a result rolling of the hardened carbon steel without
slipping, only due to normal loading, a decrease in
hardness is observed. The observed decrease in
hardness is due to the development of softening
processes during plastic deformation. Additional
slippage at the contact points of the samples
accelerates development of softening effects in the
hardened metal. It has been found that softening during
rolling of a quenched metal is accompanied by a
refinement of the coherent scattering regions, increase
in internal stresses, and increase at number of crystal
structure defects.

Keywords: Steel, hardness, deformation, softening

1. Introduction

During operation of railway wheels, a level of contact
stresses is reached along the rolling surface that
exceeds the yield point of carbon steel [1]. Moreover,
the local nature of plastic deformation is actually
accompanied by the development of strain hardening
and softening processes from cyclically changing
contact stresses. In addition, when breaking the rolling
stock, the metal of the wheel rim close to the rolling
surface can be heated to temperatures exceeding
onset of phase transformations [1,2]. The combined
effect of these phenomena is actually accompanied by
an unpredictable ration between development
processes of increasing density of crystal structure
defects, their redistribution and annihilation in the metal
[3,4]. In addition, the gradual nature of the
accumulation defects in the metal can be disrupted by
the occurrence of random influences, such as local
slippage wheel on the rail, when breaking the rolling
stock, etc. Based on this, expect sufficiently rapid
achievement critical conditions at the formation damage
of the rolling surface to the wheel rim.

2. Material and research methods

The material for the study was carbon steel of a
fragment of a railway wheel with a chemical
composition of 0.62% C, 0.78% Mn, 0.3% Si, 0.027%
P, 0.026% S, 0.09% Ni, 0.14%.Cr and 0.15% Cu. After
the samples for wear testing with a diameter of 50 and
a thickness of 12 mm were made, they were quenched
from normal heating temperatures (above Acs).

Rockwell hardness (HRC) was used as a characteristic
at strength of the metal. Wear tests were carried out on
an CMU-2 machine under dry friction conditions. A
measure adhesion between two contact surfaces was
emerging moment of the forces. The studies were
carried out at different levels of specimen pressing to
contra specimens and different degrees of slippage
between them. The dislocation density, size of the
coherent scattering regions and distortions of type Il
was estimated using X-ray structural analysis
techniques by measuring width a line of the X-ray
interference (211) (B211) [5].

3. Results

The formation of surface damage to the wheel rim (Fig.
1) is determined by several factors of influence. The
main ones are: the structural state of the metal [27,30],
its ability to work hardening, resistance to the
development of friction processes at high contact
stresses [1,2].

Fig.1. The typical view a chipping metal on the rolling
surface of the railway wheel.

Regardless of the structural state of the metal of the
wheel, in a thin layer of the rim near the rolling
surface, the successively developed processes of
strain hardening and tempering during deceleration of
the railway stock lead to the formation of cementite
particles different dispersion and morphology (Fig.
2a,b). Taking into account tendency to obtain high
strength wheels as a result of using hardening heat
treatments, when the metal internal structure on the
wheel surface approaches quenching and tempering
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at middle temperature range, development of wear
processes must be different for the different structural
state of the metal Moreover, at process of intensive
wheel slip on the rail, certain sections of the rolling
surface are capable of rapidly heating up to the
temperatures onset of the phase transformation.

Fig.2.Structure of the steel in rim of railway wheel after
fabrication: near the rolling surface (a) and at distance
of 25 mm (b). Magnification is 800 - (a), 1000 - (b).

As a result of subsequent cooling at rates close to the
critical value, structures in indicated volumes of the
metal by intermediate or even shear mechanisms are
formed. In terms by surface appearance, structure and
hardness, these areas differ significantly from the cold-
deformed metal of the rolling surface. Carbon steel of a
railway wheel after operation had a rolling surface
hardness of 35 HRC. After quenching, the samples (for
wear tests) had a hardness of 65 HRC. At a pressure
level between the specimen and contra specimen, 180
N, for a spindle speed of 300 min™ without slipping, it
was obtained that after 1200 cycles decrease at
hardness on 5 to 7%. In order to explain the observed
softening, parameters of the crystalline structure of the
steel were estimated. Thus, at state after quenching,
the steel under study had a certain degree tetragonality
crystal lattice of the ferrite, which is proportional degree
a super saturation of the solid solution with carbon
atoms. To assess the specified characteristics, should
use the relation [6]:

(c/a)=1+0,045p, @
where p - is the weight % of carbon atoms in steel, a -
is the crystal lattice parameter of ferrite, and c - crystal
lattice cube edge size of the ferrite in a martensite
crystal [6]. The hardness values of the steel
corresponded to the degree of tetragonality the crystal
lattice. Consequently, the higher carbon content in
steel, and its concentration at martensite crystal, higher
the level of strength properties should be. For the steel
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under study, after substitution in (1) p and
independently determined ratio c/a=1.027, coincidence
was obtained with data for a similar steel [7]. After 1200
cycles rolling without slipping, degree tetragonality
crystal lattice of the ferrite decreased and amounted to
1.0255. The result obtained indicates development
processes softening of the martensite crystals from
contact phenomena during of the rolling. Results similar
in nature were obtained after insignificant plastic
deformations of the hardened medium-carbon steels
[8]. To analyze the nature observed phenomenon, use
relation (1). After substitution c/a = 1.0255 in (1), it was
found that p value corresponds to a carbon content of
0.56%. Thus, release of carbon atoms from martensite
crystals during rolling process begins already after
minor plastic deformations. At same time, the nature of
changes characteristics crystal structure of the metal
deserves some attention. As a result of heating to the
average temperature range of cold-deformed carbon
steel, observed softening is accompanied b increase at
size of the coherent scattering regions (L), decrease by
accumulated dislocation density (p) and distortions of
type Il (u) [3]. After 1200 cycles of rolling the samples, a
decrease degree tetragonality crystal lattice of the
ferrite was accompanied by a decrease in L from 618 to
445 A, increase in p from 9.7 « 10" to 1.2 « 10" cm™
and p from 1.98 « 10* to 1.66 « 10 . The nature of
change in these values is actually similar to the
hardening of metal as from cold plastic deformation [4].
It can be assumed that change characteristics crystal
structure of the metal is the result of the joint
development of hardening and softening processes
from contact phenomena. To confirm this, during
rolling, a slippage of 10% between the samples was
additionally used. During slippage, increase at intensity
development of strain hardening processes should to a
greater extent suppress effect of the metal softening.
However, already after 600 loading cycles with a
slipping of 10%, the hardness value was the same 62
HRC (before testing 65 HRC), at L= 504A, p= 2,6:10°
and p=14,7-10"" cm?® . Comparative analysis shows
that decrease at hardness of the hardened metal after
rolling with slipping remained at about the same level
(5% of the hardened state). The result obtained, in
terms parameters of the crystalline structure, is similar
to that of rolling without slipping. The same dispersion
of the coherent scattering regions, an increase in and,
is observed. A decrease in the value remained at about
the same level, although in absolute values one can
speak of insignificant differences. An analysis of the
results obtained indicates existence qualitative
dependence development softening processes on
plastic deformation of the hardened steel. In order to
explain mechanism influence of the slipping process
during the rolling of a railway wheel on hardness of the
metal, influence effect should be decomposed into
stages. The first stage should include the processes
that are associated with initiation and propagation of
plastic deformation at volume of the rim close to the
rolling surface. The second stage is the appearance
separation metal particle from rolling surface of the
wheel by interaction with the rail. So a metal that has
undergone large plastic deformations, due to the
inhomogeneous development of the process strain
hardening, by have a certain number of the sub- and
micro cracks. On this basis, the growth indicated micro
cracks in the direction action of the maximum tangential
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stresses during slipping should contribute to the
achievement conditions for separation of the metal
micro volumes. Consequently, can assume that is a
connection between processes slip of wheel on the rall
and destruction metal along the rolling surface. The
slipping process can be estimated by adhesion
between metals of the wheel and rail. For constant load
level of the wheel, rolling speed and temperature of the
surface, existence of the inversely proportional
communication between the slippage and adhesion of
the metal is quite justified. Based on this, to evaluate
the adhesion, it is proposed to use the moment of
forces in the contact surface area. On fig. 3 show
dependence moment of the forces at the point of
contact between the samples. Under conditions of
constant slippage, an increase at clamping force
between the samples and spindle speed leads to
increase in M. The sum effect of the simultaneous
influence of P and v is manifested in an almost
equidistant arrangement of the curves M~f(v, P).

N-m —I—j

A

N

50 100

150 P,N

Fig.3. Influence of the clamping force between samples
(P) and the machine spindle rotation speed (1 - 300, 2 -
500, 3 - 1000 min'l) on the moment of forces, when
slipping 20% between the samples.

Like most processes that are associated with
deformation, the process of slipping must be thermally
activated. To estimate the activation energy, the well-
known equation [9] was used:
e=Aexp (-Q/RT)«M™, 2
where - ¢ is the deformation rate, A is a constant, Q is
the activation energy, R is the universal gas constant,
T is the absolute temperature, M is the moment of
forces that occurs between surfaces during slipping,
m is the exponent. The evaluation of Q was carried
out at force between specimens 200N, a slipping
value of 20%. The number revolution of the machine
spindle (v) was taken as a characteristic of the
deformation rate. After transformation of relation (2),
obtained the dependences for dry slip conditions:
(Q/m) = [(R:InM)/(L/T)] - (Inv/m) (3)
(3a)

or:

Q =RT (m:InM - Inv)

The samples were tested at v = 300 and 500 min™*
and temperatures of +20 and +120°C. At a constant
temperature, an increase in v from 300 to 500 mint
practically does not change the value (a decrease
from 15.3 to 15.1 KJ/mol for 293°K and from 20,6 to
20.2 KJ/mol for 393°K). It follows from the results
obtained that at a constant temperature, slipping
20% and force of the clamping 200N, increase at
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rotation speed does not lead to a change at activation
energy. On other hand, at v = const, increase at test
temperature is accompanied by an increase in Q by
about 1.3 times. Taking into account that samples
had a structure similar to that after formation of
slipping on the rolling surface of a railway wheel
during operation (the structure after quenching for
martensite), the results obtained were in agreement
with the data [1,2].

Compared with structures after quenching, it is of
some interest to evaluate behavior steel with a
structure after thermal treatment of the wheel rim. For
this purpose, the samples of the steel under study
were heated to temperatures of 870°C, followed by
cooling in air. The tests carried out have established
that at a temperature of 293°C and a slipping of 10%,
increase in v from 300 to 500 min™ is accompanied
by a decrease in Q by about 30%. Similar results
were obtained for a slipping of 20%. On other hand,
for a speed of 300 min’, increase slipping from 10 to
20% leads to a decrease in Q by about 6-7%, and for
at 500 min™ this characteristic is already 1.5-2 times
less.

The given character change in the value is due to the
peculiarities behavior of the metal, with a different
structural state under loading. For specimens with
structures after quenched, even after 600 loading
cycles with 10% slipping, decrease in hardness to 7%
is observed. In contrast, for specimens with
structures by diffusion transformation, regardless
amount of slipping, increase in hardness by 14% is
observed already after 50 loading cycles.

Thus, one of the reasons for the formation damage to
the rolling surface during operation of railway wheels
is structural changes in carbon steel. The competing
development of strain hardening and softening
processes in steel with a qualitatively different
structural state leads to a violation conditions for
homogeneous propagation of plastic deformation.

4. Conclusions.

1. As a result of the rolling hardened steel without
slipping, only due to normal loading, decrease in
hardness is observed.

2. Additional slipping at the wheel-rail contact points
accelerates development at softening effects of the
hardened metal.

3. The softening of the hardened metal during rolling
is accompanied by the refinement micro regions,
increase internal stresses and number defects of the
crystal structure.

4. For samples by hardened metal of a railway wheel
at a constant rolling speed, decrease in temperature
at the point of contact is accompanied by decrease in
energy for the onset of slipping.
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