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ABSTRACT

The subject of the research in this work was the S49 rail made of R260 rail steel (1.0623). The carried out inves-
tigations concern microstructure tests and tests of mechanical properties of rails after several years of exposure in
the open air without usage. The purpose of the work was to determine on the basis of the results of research the
possibilities of using the tested rail for usage and application for the construction of tracks on railway sidings. For
investigations there were used diverse techniques reaching such engineering materials investigations like light or
scanning electron microscope for microstructure investigations, as well as hardness and microhardness test were
performed for determinations of the microstructural changes occurred in the upper area of the rails surface. The
microstructure changes concerns especially the ferritic and pearlitic structure and the breaks in the present carbide
mesh. During investigations it was found out that the tested railway rails are fully useful for application, after ma-
chining to achieve required dimensional parameters. It is also of high importance, of the economical point of view,
that their price, also in case of earlier installation of the rails, may be lower than the current price offered on the

marked for a entire new product. The price difference reaches dimensions in the range of 5-10%.

Keywords: microstructure, perlite, ferrite, hardness.

INTRODUCTION

The selection of materials for rails and railway
surface should depend on the load and pressure ap-
plying on the rail, travel speed and frequency of
transport, which will ensure lower wear and longer
durability of turnouts and railway tracks [1, 2].

One of the ways to increase the abrasion re-
sistance of pearlitic steels is to modify its mor-
phology, e.g. by means of isothermal annealing
parameters [3]. Increasing the wear resistance can
also be realized by improving the cleanliness of
steel and increasing the carbon content [4] as well
as head hardening the rails [4—6].

Another issue is the fact, that different sec-
tions of the route have different susceptibility to
the key mechanisms of rail degradation, which
was demonstrated in the work [7]. The degrada-
tion results in a deterioration in the quality of the
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track geometry and this results in high dynamic
vibrations of the vehicle and the track and the loss
of geometrical compatibility between track and
wheel leading to a higher probability of derail-
ment. For these reasons, the quality of track ge-
ometry affects driving safety, wear of cooperating
elements, and vibrations that cause noise. Track
parameters are defined in European standards to
harmonize the European rail network [8, 9].

The question that railroad managers ask
themselves, in this case concerning siding, is: Is
it possible to use previously used rails instead of
new ones, e.g. on a railway siding where the max-
imum permitted train speed is 40 km/h [10, 11].
Although the speeds values reaching above 30
km/h on the sides are considered as high [8]. Es-
pecially if it is possible to buy rails that were
once midwives on the trail, but due to the fact
that traffic on the trail has been suspended, they
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have virtually no signs of wear. The use of such
rails is justified primarily for economic reasons
[12]. Ifthe provisions and recommendations con-
tained in references [13] are taken into account,
it turns out that if 200,000 tonnes of coal are
transported annually on the siding, the Tg = 0.2
freight rate and new rails should be used for the
construction of tracks with Tg = 16+25 freight
rate per year. In the area of expenditure, the con-
struction of 1 km of track using new rails will
cost about 450,000. PLN [12].

Railway sidings are a key element of the in-
frastructure of large plants, such as coal mines,
production plants or intermodal facilities, such as
ports, road-rail or sea-rail terminals [8].

Railway sidings, unlike other railway routes,
are characterized by a limited length and speed of
operation, and only freight wagons are transported.
On the infrastructure side, there is a high density of
turnouts and frequent changes in track curvature.

Of course, the outdoor exposure of the rails
for several years meant that they were covered
with a layer of rust. Therefore, before making a
decision on purchasing such rails, it should be
checked whether they meet the technical condi-
tions for the construction and collection of rail
rails, in accordance with the requirements of the
PKP PLK Railway Road Office [13].

The power function, also known as the biloga-
rithmic law, is used to predict atmospheric corro-
sion of metal materials, even after long exposure
times. The accuracy and credibility of this relation-
ship has been confirmed by many authors [14—17].
Atmospheric corrosion in an industrial environ-
ment can be described by the equation [15, 18, 19]:

Cc = At" (1

or its logarithmic transformation:
InC=InA+nlint ()

where: C - corrosion after time t; A, n — constants.

The value of n can be a criterion for assess-
ing long-term susceptibility to atmospheric cor-
rosion. It gives a measure of the resistance to
transport processes within the product oxide cor-
rosion after its formation. When n is close to 0.5,
this may be due to an ideal diffusion controlled
mechanism with all corrosion products remain-
ing on the metal surface. This seems to be the
case on slightly polluted atmospheric land [19].

In the example discussed in the article, the
constant A of 60 um [43] was adopted for the rail
made of R260 steel.

Substituting the valuesof n=0.5and A=60 pm
and C= 160 um [36] as the limit value in the in-
dustrial environment according to the PKP guide-
lines, the result was t = 7.07 years. This result
expresses the maximum aging time of the rail en-
abling its re-use after re-profiling.

The application of grinding in practice is
often used as one of the maintenance processes
to re-profile the rails and remove damage to the
surface of the rails, e.g. in the event of a fatigue
crack or rail head inspection, in some cases the
technique can significantly change the mechani-
cal properties of the surface and material of the
rail base affecting the overall reusability of the
splint. The abrasive used and the stress can be de-
cisive factors in the properties and surface of the
rail material after grinding. The problem resulting
from the use of improperly selected grinding con-
ditions is also the occurrence of decarbonisation.
The decarbonized layer is essentially a layer pro-
duced by environmental effects on the surface of
the rail. The result is that this layer appears white
under the rail surface [20, 21].

In the presence of air, iron oxidizes to Fe,O,,
which results in a layer of scale on the surface. The
carbon in steel also reacts with oxygen. Below the
Al-3 temperature (Fe-Fe,C system) this process
takes place slowly, and above the temperature
it accelerates, the faster the higher the tempera-
ture. Each of the components present in the air:
0,, CO,, H,0 is both oxidizing and decarburiz-
ing. This is confirmed by the conclusions in [22]
where it was found that when carbon steel was
hot rolled to the desired rail profile at 1200 °C,
it can decarburize on the surface of the rail be-
cause the oxidation of carbon is faster than that of
iron. Moreover, in [23] found that decarburization
is present on all new rails and, unless polished
down, will be on the rail running surface after in-
stallation and continue.

In addition, it should be noted that the Pro-
cedure of Covering the Railway Siding Safety
Certificate (in Polish “Procedura Objecia Certy-
fikatem Bezpieczenstwa Bocznicy Kolejowej*)
involves the description of siding infrastructure
and the specification of the requirements that they
should meet, taking into account, among others
construction standards of track surface and tech-
nical characteristics of rails; it is also necessary to
develop requirements for maintaining the proper
technical condition of the siding (including per-
missible values of rail wear) [24].
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MATERIALS AND METHOD

The analysis presented in the article was devel-
oped based on the results of microstructure investi-
gations, performed on a light microscope, using the
Leica light field testing technique with a dedicated
image processing software in the 50-200% magnifi-
cation range. Also measuring of the hardness of the
S49 rail (Fig. 1) made of R260 rail steel was per-
formed. The rail was put on the tracks immediately
after being purchased from the manufacturer and lay
on tracks that had not been operated for 5 years.

The chemical composition of steel of the test-
ed rail according to the railway standard [25] is
presented in Table 1.

The R260 rail steel is characterized by a hard-
ness of 260-300 HBS [26]. The hardness mea-
surement was carried out on a Zwick hardness
tester in accordance with the recommendations
[4] (Fig. 2) contained in the EN ISO 10003-1
standard [27]. The surface of the samples before
measurement was properly prepared by polishing
on 2001200 wet abrasive paper on a mechanical
grinding-polishing machine.

The material for the tests was taken from the
rail cross-section in accordance with the require-
ments of the Technical Conditions for the Perfor-
mance and Collection of Rail Rails [13] (Fig. 3).
The collected material was hot embedded in a
thermoplastic polymer and after grinding and

Fig. 1. Fragment of the investigated S49 rail

Table 1. Chemical composition of R260 rail steel [25]

Concentration of alloying elements, %

Chemical elements C Si Mn

P S Al Mo

max max

concentration 0.6+0.8 0.13+0.6

0.65+1.25

0.03 0.03 0.004 0.02

Fig. 2. Arrangement of hardness test points according to [13]
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polishing using a dedicated program on a me-
chanical grinding-polishing machine using an
abrasive agent with a gradation of 1-6 um and
lubricant. After the polishing process, the sam-
ples were etched with a 5% Nital solution at room
temperature for 40s.

INVESTIGATION RESULTS

In accordance with the requirements contained
in the Technical Conditions for the Making and
Receiving of Rail Rails [13], the hardness on the
centre line of the running surface of the rail head
(at the RS point) should be in the range of 260—
300 HBS. The measurement results showed that

the hardness of the tested rail meets the necessary
conditions for using the rail for track construc-
tion (Fig. 4, Table 2). It is also worth to mention
that the standard deviation of the measurements
obtained in the required places is in the range of
2.0+6.7, which is 0.6+2.2% of the average value.
This proves that the difference between successive
measurement results is below the statistical error,
it results from the fact that the tested rail over the
entire cross-section is characterized by uniform
values of the measured hardness.

Measured microhardness is presented in Fig-
ure 5, where the values decrease is visible, begin-
ning from the relatively low level of up to 200
HV_ _in the decarbonizes layer going through a

0.05
transition zone to the basic value of the rail core

10

Fig. 3. Place of sampling for microstructure checking and samples for tensile strength testing [13]
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Fig. 4. Results of hardness measurement and standard deviation of the tested
rail steel; measurement point 5 is related to RS area on Fig. 2
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Table 2. Hardness test results

Place of Hardness Standard
measurement HBS deviation
RS 301.5 2.0
1 302.7 3.8
2 299 5.8
3 305 5.1
4 298 6.7

reaching a value ca up to 300 HV .. There is vis-
ible a clear decries of the microhardness, related
to the decarbonisation level in to a depth of 500
pm corresponding also with the obtained micro-
structures. On the top of the surface layer the
microhardness is relatively stable in range of ca
180-200 HV, . in to a depth of 300 um. On this
basis the decarbonisation can be confirmed and is
similar to the microstructure related to the depth
form surface presented on micrographs in Figures
7a and 7b.

Metallographic microscopic tests of the sup-
plied rails manufactured from the R260 steel
grade were carried out in accordance with the
standard [28] and the samples were taken ac-
cording to the recommendations contained in
the Technical Conditions for the Production and
Collection of Rail Rails [13]. As a result of the
tests performed, a pearlitic structure with ferrite
precipitations (white) in the form of a closed fer-
rite mesh (Fig. 6a) was visualized in the cross-
sectional structure at the rail surface. It was found
that the ferrite mesh occurs in the band at a depth
of up to about 0.5 mm from the running surface
of the rail head and with the distance from the

350
300
250
200

150

Hardness, HV

100

50

running surface of the head, the ferrite separation
mesh no longer closes all grains (Fig. 6b) and fi-
nally disappears completely (Fig. 7).

No ferrite precipitates were found in the re-
maining area of the microstructure (Fig. 7a). The
structure of the tested rail did not have the struc-
ture of martensite, bainite or cementite (Fig. 7b),
which is in accordance with the requirements set
out in the Technical Conditions for the Production
and Collection of Rail Rails [13].

Figure 6 shows the places from which samples
were taken for tests on the microscope. Decarburiza-
tion occurred in form of closed ferrite mesh is visible
in the area of 400—500 um from the rail head surface.

The presence of a decarbonised layer (Fig. 7,
9a) is well known, but its formation is still under
investigation. Three occurrence of decarbonisa-
tion have been explained as reaction of the mate-
rial surface with the environment also by oxida-
tion. Much research has been done to elucidate
the mechanisms and their effect on material per-
formance and service life. Currently, it is argued
that a mechanism can be used to explain this phe-
nomenon, which is based on the combined action
of friction and heat and dislocation that occurs as
a result of plastic deformation. An additional fac-
tor affecting the quality of the material after long-
term use is also the size and directionality of the
pearlitic areas, in particular the direction of the
ferrite plates (Fig. 9b, Table 3) which in the tested
material indicates a relatively homogeneous char-
acter. On Figure 10 are presented microstructure
obtained using the scanning electron microscope.
There are visible large ferrite and perlite areas,

0 500 1000

1500 2000 2500

Distance from surface, pm

Fig. 5. Results of micro-hardness measurement and standard deviation
of the tested rail steel measured in point RS, as shown in Fig. 3
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confirming the occurrence of these phases in the
microstructure of the investigated material.

Concerning the question of the influence of
mechanical properties of the pearlitic rail steel
with fine interlamellar spacing it is worth to un-
derline, that they can be determined and calcu-
lated from the following equations (3) [29]:

8, = 2955+ 114.2y71 3)

where: y = (25-7); ¢ — thickness of the cementite
plate calculated as 0.015S  [C].

Using this relationship it can be summarised,
that the smaller the perlite plates size, the higher
the mechanical properties — strength of the rails
head surface. It is also possible to determine the
size of those structural components using the fol-
lowing equation (4).

1

So = a—bT, “4)

where: a, b — coefficients; Tp — volume fractions
of pearlite.

On the basis of research results, H. Yokoyama
et al. [30] stated that, contrary to the generally
accepted view, fine-tuning the size of the perlite
areas effectively improves wear and damage re-
sistance. Wear resistance increased along with
the fragmentation of the perlite areas. Lamellar

‘ ﬂ“ﬂg 2% 4 2 i d

Fig. 8. The microstructure of the tested S49 rail from area 2 in Fig. 6
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structures, when subjected to plastic deformation,
are characterized by significant anisotropy deter-
mined by the lamellar direction. For this reason,
there is a high concentration of stresses along the
boundaries of the areas, which are the sites of
crack formation. Similar results were obtained in
[31], in which the authors confirmed that the wear
resistance of R260 steel with a pearlitic structure
depends on the perlite morphology - the distance
between the plates in the cementite and the thick-
ness of the lamellas (Table 3). In this work perlite
areas (grains) were also confirmed in the decar-
bonised surface layer (Fig. 7a and 7b).

These parameters can be adjusted by heat
treatment - isothermal annealing or plastic work-
ing — hot rolling [32]. Moreover, it was also found
that the abrasion resistance of R260 steels with a

10 pm <1 493 BSD Full

pearlitic structure and different perlite morphology
decreased with increasing load and slip.

The use of solid lubricants for the lubrication
of the flanges of railway wheels may also contrib-
ute to the formation of corrosive defects on the
rail head surface [33].

In the work [34] it was found that in the
samples taken from the exploited section of rail
made of R260 steel with large deformations pres-
ent close to the surface, there is a large hardness
gradient with high hardness close to the surface,
which is most likely the result of work hardening.

In the presented article occurrence of cracks
has not been confirmed, however the other au-
thors have detected and analysis this phenome-
non. The influence of grain boundaries between
perlite and ferrite on crack propagation caused

b)

10 pm

Fig. 10. Microstructure of the investigated rail steel, SEM
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by rolling fatigue is presented in [35]. The de-
formation separation between the proeutectoid
ferrite and perlite facilitates the initiation and
propagation of cracks during Rolling Contact Fa-
tigue (RCF). Proeutectoid is defined as the first
diffusional product to form from austenite upon
cooling. This was noticed in the highly hardened
state and in the exhaustion of the toughness of the
proeutectoid ferrite phase, surface microcracks
initiated at the boundary between the stressed fer-
rite phase and the stressed perlite. The test results
presented by Granham and all [35] showed that
the higher the content of proeutectoid ferrite in
the microstructure of the rail steel, the lower the
average durability of RCF crack initiation. The
reason for this is that the proeutectoid ferrite de-
forms faster when the ferrite grains are limited by
adjacent perlite nodules.

The required rail cross-section is presented
on Figure 11, where the H parameter (maximum
deviation from the theoretical contour of the
running surface) is set as high as 0.16 mm for
old-used rails. In the investigated case this dis-
tance is up to 450 um, what requires mechanical
removing of the surface area up to 300 um, to be
used main line, however for sidings line the ad-
ditional machining is to be smaller or even can
be skipping at all.

The determined decarbonization can also af-
fect the defect of head checking (HC), which is
the dominant defect from the group of contact-
press defects (RCF). This defect is caused by fa-
tigue of the material on the running surface of
the rail, in the places where the rail co-operates,
where the rail is subject to the cyclical load of
the passing rolling stock. A predominant shape
of rail corrugation is wear at the wave length of
25+80 mm — so-called ,,short” waves. For the
development of rail corrugation a considerable
influence has got an arising resonance of non-
springed mass (e.g. non-springed mass of most
loaded freight car) and railway track structure
stiffness. Rail corrugation may also be bases on
plastic deformation due to to the occurrence of
decarbonized areas near to the rail head surface.
Most often method of rail corrugation elimina-
tion is rail reforming in track, i.e. their grinding

Table 3. The distance of the perlite plates in the grains

by special machines or machines set operated by
computer, which create a complex trains for rail
grinding. It appears, that grinding of new rails
is excellent countermeasure against rail corruga-
tion arising. Additionally the rail reforming re-
moves not only rail corrugation though also the
other shapes (e.g. rail contact fatigue) [37, 38].

The luxation may also be a consequence of the
decarbonisation of the top layer of the rail head.
As this defect most often occurs, for example, be-
fore the entry signal, where heavy freight trains
are suddenly braked or started, as well as before
rail-road crossings and before turnouts [39], de-
carbonisation causing a decrease in the hardness
of the top layer of the rail will make the rail more
susceptible for such damage.

In the case of a squat defect manifested by
a crack and a local depression of the running
surface [40], decarbonisation causing a decrease
in hardness, and thus indirectly plasticization of
the top layer of the rail head, should not cause
cracks in the rails.

As presented in [41], the number of operation-
al damages to the rail running surface increases
with the increase in the number of transports and
the load on the railway lines. As the tested rails
were to be used in the construction of sidings, the
probability of the appearance of operational de-
fects is relatively low.

Fig. 11. Scheme of proper rail cross-section with pa-
rameters: H — maximum deviation from the theoreti-
cal contour of the running surface49E1 (S49): distance
A—-B=H=0.16 mm [36]

Parameters 1 2 3 4 5
Mean value [pm] 9.6 10.0 12.3 5.7 10.9
Standard deviation 0.64 1.31 2.27 0.7 2.38
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The stress level is influenced not only by ex-
ternal factors, but also by the state of own stress-
es, topography of the rail running surface, all geo-
metric and structural notches (including disconti-
nuities) causing stress concentration. The greatest
stresses arise at the top of the rail head.

The appearance and development of dam-
age on the surface of the rail and of the elements
working in the rolling-sliding contact depends,
on the one hand, on the load and stress level in
the most stressed area of the rail (the so-called
Bielajev point), and on the other hand, on the
material properties, what the rail was made of,
and above all, its strength in this area. Exceed-
ing the yield point of the material leads to the
formation of subsurface cracks as a result of the
plasticization of the material. Thus, the increase
in the depth of the decarburization zone reaching
the Bielajev point may contribute to the forma-
tion of an interfacial boundary at the point of the
highest material stress.

CONCLUSIONS

Based on the tests performed, the rails sup-
plied for testing meet the conditions of use for
the construction of tracks on railway sidings.
The main finding was related to the determina-
tion of the possible duration of the usage time of
the long-term aged rail — in the investigated case
5 years — which was determined numerically as
high as 7 year, after reprofiling according to the
requirements set by the PKP roles. This machin-
ing treatment can remove the outer surface layer
consisting of the closed ferrite mash, which was
confirmed by metallographic investigation using
scanning electron microscopy SEM

As a result of microstructure tests, a uniform
uninterrupted ferrite mesh was found in the ex-
amined rail material at a depth of up to 0.5 mm
from the running surface of the rail head, which
indicates that the heat treatment has been prop-
erly carried out and there is no visible impact of
rail aging in natural conditions.

The hardness tests performed indicate no im-
pact of long-term rail aging on hardness, ranging
from 298 to 305 HBS. Also noteworthy is the rela-
tively low value of the measured standard devia-
tion, confirming the homogeneity of the tested mi-
crostructure with regard to mechanical properties.

Based on the analyses carried out, it can be
stated that the tested railway rails, regardless of
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production time/age, are fully useful for mount-
ing on a siding, while maintaining dimensional
parameters. It can also be mentioned that their
price, irrespective of the fact of their earlier in-
stallation, may be lower than the market price of
a new product may be lower by approx. 5-10%
[12]. In addition, the difference in price is: new
rail S49: ca. PLN 3,000, old-use rail: ca. PLN
1,850. (2014) [42].

Concerning the size and perlite arms direction
it can be proposed a decrease of the perlite areas
size as well as to disorder the growth direction of
perlite plates growth during plastic deformation
of the rail in production process.

There are not found any cracks or defects
of the surface layer, because of the nature of the
storage of the rails, so the rail surface need only
be to polish in terms of future usage grinding first
of the decarbonized layer form the top of the rail.
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