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Abstract

Objectives: The main objective of this study was to promote the formation of White and Brown Etching Layers (WEL and
BEL) on R260 pearlitic steel by means of a controlled laboratory grinding process, in order to analyze the microstructural
and mechanical changes from the surface to the base material.

Materials and methods: R260 pearlitic steel used for railway rail manufacturing was investigated. The transformed surface
layers were generated through a controlled grinding process. Microstructural characterization was performed using light
optical microscopy (LOM) and scanning electron microscopy (SEM). Mechanical characterization was carried out by micro-
hardness testing and nanoindentation from the ground surface toward the bulk material. Subsequently, the WEL region was
analyzed by transmission electron microscopy (TEM) to identify microstructural changes in the different zones affected by
the grinding process.

Results: The results showed that WEL and BEL can be distinguished not only by their morphological features observed by
LOM and SEM, but also by their mechanical properties. Both layers exhibited significantly higher hardness and Young's
modulus values than the pearlitic base material.

Conclusions: The microstructural transformations induced by the grinding process were visually identified as WEL and BEL
through contrast and texture variations observed by LOM and SEM. These layers extended from the ground surface to dep-
ths of approximately 30 um and exhibited distinct mechanical responses associated with intrinsic microstructural changes
generated by the grinding process.
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Resumen

Objetivos: El objetivo principal de este estudio fue promover la formacién de capas de ataque blanco y marrén (White Etching
Layer, WEL, y Brown Etching Layer, BEL) en acero perlitico R260 mediante un proceso de rectificado controlado en laboratorio, con
el fin de analizar los cambios microestructurales y mecanicos desde la superficie hasta el material base.

Materiales y métodos: Se utilizd acero perlitico R260 empleado en la fabricacion de rieles ferroviarios. Las capas transformadas
se generaron mediante un proceso de rectificado controlado. La caracterizacion microestructural se realizd6 mediante microscopia
optica (LOM) y microscopia electrénica de barrido (SEM). La caracterizacion mecanica se llevd a cabo mediante ensayos de micro-
dureza y nanoindentacion desde la superficie rectificada hacia el volumen del material. Posteriormente, la zona WEL fue analizada
mediante microscopia electrénica de transmision (TEM) para identificar los cambios microestructurales en las diferentes zonas
afectadas por el rectificado.

Resultados: Los resultados mostraron que es posible distinguir la WEL de la BEL no solo por sus caracteristicas morfoldgicas
observadas mediante LOM y SEM, sino también por sus propiedades mecanicas. Ambas capas presentaron valores de durezay
modulo de Young significativamente superiores a los del material base perlitico.

Conclusiones: Las transformaciones microestructurales inducidas por el rectificado se identificaron visualmente como WEL y BEL
a través de variaciones en el contraste y la textura observadas mediante LOM y SEM. Estas capas se extendieron desde la super-
ficie rectificada hasta profundidades cercanas a 30 um y presentaron respuestas mecanicas diferenciadas, asociadas a cambios
microestructurales intrinsecos generados por el proceso de rectificado.

Palabras clave: WEL, BEL, Molienda, Perlita, Propiedades mecanicas.
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Characterization of white and brown etching layers promoted by a small-scale grinding process in laboratory

Why was this study conducted?

This topic is currently of critical relevance to the railway sector, as it represents a primary damage mechanism on rail heads
that leads to significantly shortened maintenance intervals. Furthermore, elucidating the properties and potential formation
mechanisms can facilitate adjustments in operating conditions to prevent the premature formation of this layer, thereby
aiding in the development of effective mitigation strategies

What were the most relevant findings?

The study achieved the distinct formation of a microstructure under controlled laboratory conditions, which presents a
marked visual contrast against the base material. The resulting phase exhibited mechanical and elastic property values up to
a fourfold increase compared to the initial microstructure. Additionally, a transition zone was evidenced between the bulk
material and the contact surface where the WEL developed, displaying intermediate mechanical and elastic properties relati-
ve to the other two microstructures.

What do these findings contribute?

This work provides a reproducible method to promote White Etching Layer (WEL) formation on rail heads under controlled
laboratory conditions. This serves as a foundational step for predicting or validating the formation mechanisms of this mi-

crostructure in railway systems under operating conditions

Graphical Abstract
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Introduction

The high and repetitive external loading conditions registered in wheel / rail pairs of railway
systems, generate accumulative surface alterations in the contact areas and nearby regions. The
continue contact with the wheel promotes several phenomena that in some cases do not contribute
with a good performance of the rail under commercial operation conditions. Some of them
problems have been shown in research before as squats (1-3), studs (4,5) , cracks by RCF (6-8) ,
corrugation (9-11) or WEL (12-14) the which are associated to many aspects and variables such as
load (15) , creepage (16-18), chemical composition and microstructure (19,20) etc., by promoting in
some cases catastrophic damages on the railway. One of these problems associate to the contact
that has been focus of several researches in the last years is the WEL, both its performance and its
formation mechanisms (21-23). Several researches have been carried out in relation to this topic
not only for railway systems but other components and fields also like rolling bearings (24,25) ,
machining process (26,27) etc. However, in railway systems, the formation of this layer is related to
other rail's damages as squats or RCF mechanism (28,29) by promoting microcracking inside the
rail (30-33) that could cause a complete fracture of the component and high maintenance costs
(5,34,35). The phases present in this zone have different hypotheses about the microstructure:
martensite (36) , Fe-C nanocrystals (37), deformed pearlite, martensite nanocrystals, austenite and
cementite (38). The formation of the WEL has been evidenced in commercial activities, rail-wheel
contact, and grinding activities of maintenances and according to this, two hypotheses about

the formation of the WEL have been proposed by several researchers: (1) the first one has been
related with the microstructural changes associated with the high temperatures reaches in the
contact between rail-wheel and rail-grinding stone (36,39,40) and (2) the second one has been
associated with the high plastic deformation the which is promoted by the high tangential forces
on the contact area (37,41-43). According to the first hypothesis, the temperatures reached in

the process exceed the autenization temperature and the rapid cooling promotes the martensitic
transformation that is corroborated with hardness measurements made on the layer and in some
cases is confirmed by retained austenite zones found that support this assumption. With relation
of the second hypothesis, the phenomenon is associated with the dissolution of the pearlitic
microstructure. Inside of the pearlitic grains, the cementite is dissolved by the high stresses and
dislocations movements and the carbon atoms enriched the carbon amounts of the ferrite by
increasing its mechanical properties. This could be supported by TEM's images the which show
diffraction patterns of nano-grains (22,44). Confirming this hypothesis allows to create strategies
not only for improving the tribological behavior by reducing the tangential force but also to reduce
the temperature in the interface.

In additions, it has been shown that between the WEL and pearlite substrate it is possible find a
new microstructure with intermediate mechanical properties can be formed the which is identified
by its brown color when is etched by Nital 3% and observed by light optical microscopy (45) and
from this, the layer is called BEL (Brown Etching Layer). Its formation is related by two explanations:
(1) the first is associated with a microstructure transition in the process of the WEL formation and
because of this its mechanical properties are between the WEL and the pearlite, (2) the other one
is explained as a tempered martensite after WEL formation caused by the thermal cycles on the
contact interface.

Ingenieria y Competitividad, 2025 vol 27(3) e-21014972/ Sept-dec

3 /17

doi: 10.25100/iyc.v27i3.14972



Characterization of white and brown etching layers promoted by a small-scale grinding process in laboratory

In this work is evaluated the possibility of promoting the WEL formation in laboratory on a
commercial rail section by grinding process on a small scale for measuring optical microstructure
changes and its mechanical properties in comparison with the base material of the component
that is a pearlitic microstructure. Samples on the grinding surface were extracted for the

optical inspection by LOM and SEM and for mechanical characterization microhardness and
nanoindentation were made. The values obtained were correlated with the microstructures
observed and are associated with the hypothesis proposed in the literature.

Furthermore, this study validates the formation of a White Etching Layer (WEL) on rail running
surfaces under grinding conditions. This finding is a crucial step toward implementing advanced
techniques to characterize changes in the rail head, specifically the altered microstructure and
material properties resulting from wheel-rail contact. Therefore, the ability to induce WEL formation
in the laboratory will be highly beneficial as a preliminary step for the development and calibration
of Non-Destructive Testing (NDT) methods to support new maintenance strategies in this field as
identification stage of damages promote by microstructural changes on the contact surface

Materials and methods
Material

The material used was a pearlitic steel for manufacturing rails with the designation R260. The
chemical composition is shown in Table 1 and the microstructure is shown in Fig. 1.

Table 1. Chemical composition (wt.%) of the rail material used for the tests.

Element C Si Mn S P Ni Cr Mo Al Cu Pb Sn Ti \Y) Sb Ca

wt.% 0.736 0.27 1.056 0.023 0.032 0.021 0.026 0.006 0 0002 0 O 0.016 0003 0 O

Figure 1. Microstructure of the rail material R260. SEM. (2000x). Pearlitic steel.
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The microstructure shown in Figure above shows a micrograph completely pearlitic according to the
chemical composition shown in Table 1 which classifies the material as eutectoid steel.

WEL formation process

The formation of a white etching layer on the surface of the rail material was promoted by a
grinding process. An industrial machine was adapted to simulate small scale conditions of a
grinding process in a commercial railway. Fig. 2 shows the arrangement used for testing.

DEPTH OF CUT

MOVEMENT DIRECTION
OF THE GRINDING STONE

GRINDING STONE
GROUND SURFACE

RAIL SECTION

MOVEMENT OF MAGNETIC TABLE

Figure 2. Machine used for promoting the WEL formation on the rail material surface

The conditions of the process considered were as follows: velocity of grinding stone of 2120 rpm, 30
um of cutting depth , 1 m/s of linear velocity of the magnetic table and just one pass of the stone
on the rail head. The load value was set in static conditions by placing a load cell under the sample.
The variation of the load as a function of the cutting depth was determined experimentally as
shown in Fig. 3, where it can be seen that for a depth of cut of 30 pm the static load is around 160

gf.
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Figure 3. Experimental estimation of the maximum load as a function of the cutting depth

Optical characterization

The analysis of the WEL was made by using a ZEISS Axioscope 5 LOM and a ZEISS EVO 10 SEM with
a voltage of 20kV and a work distance less 9mm.. Longitudinal (L) sections were extracted from the
rail head as shown in Fig. 4. Also, a characterization by TEM was made to confirm the microstructure
generated on the contact surface by the grinding process. For TEM analysis, thin foils were prepared
through focused ion beam (FIB) in Brazilian Center for Research in Energy and Materials (CNPEM).
The specimens were examined using a JEOL JEM-2100F multipurpose analytical electron microscope
equipped with a field emission gun (FEG) operating at 200 kV. Analyses of several specimens were
performed using electron diffraction patterns obtained through selected area electron diffraction
(SAED) mode at various locations within the inspection area, utilizing the same camera length. The
metallographic preparation of the samples was carried out following the ASTM E3 procedure and
etching was carried out with Nital 3%.

Figure 4. Extraction zone of the samples analyzed.
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Mechanical characterization

Microhardness tests in SHIMANU HMV-G31 and nano indentation tests in Ibis Authority- Fischer
Cripps Laboratories were carried out to study the variation of mechanical properties with respect to
the distance to the surface.

Results and discussion

Optical microstructural analysis

Fig. 5 shows the microstructure obtained after the grinding process. A white etching layer (WEL)
formed at the surface due to the contact with the grinding stone and a brown etching layer

(BEL), which has been reported by other authors (37,46-49) can also be observed. Although the
thicknesses of the WEL and BEL vary over the contact surface, it seems that the overall thickness of
the material affected by the thermomechanical process remains stable (see the dotted line in the

figure).

Figure 5. Cross-sectional view of the microstructure after grinding process. Longitudinal view

Fig. 6 shows in more detail the microstructure of a ground sample examined by SEM. While the WEL
is homogeneous and shows little electronic contrast, the BEL has the aspect of being composed

of fractured pearlitic lamellae, which is consistent with the high tangential forces on the interface
between rail and grinding stone (41,48,50,51). The zone analyzed was taken near to the contact
zone to ensure the identification of microstructural changes.
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Grinding surface

White Etching layer (WEL)
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Figure 6. Microstructural variation from the ground surface to the substrate (4000x). Longitudinal
view

From Fig. 6a) and 6b) it can be corroborated that the microstructure in the subsurface has a
variation concerning the depth as it was shown above. In addition, like it said before, it can be
identified a variation of the two first zones concerning to the transformed layer (WEL and BEL).
From this, in Fig. 6a) an imaginary line was established to separate these zones with respect to
the pearlitic base material for identifying the thermal and plastic affected zone by the grinding
process. In both images, Fig. 6a) and 6b), the white dotted line, which separates the transformed
microstructure, is positioned at the same depth of around 30 microns and it does not change

in both cases, however, the black dotted line, that separates the WEL and BEL (Fig. 6b), shows a
variation of the WEL amount transformed as it was identified in Fig. 5, by suggesting possible
hypothesis of a limit quantity of the transformed material for specific test conditions of grinding
process.

Microhardness and nano-indentation

Fig. 7 shows the results of microhardness measurements as a function of the distance from the
contact surface.
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Figure 7. Microhardness results of a cross section after grinding process. a) Microhardness profile
in function of distance to the surface, b) Detail of the first 100 microns from the surface.

The results obtained show a marked increase of the hardness near to the contact surface in
comparison with the values shown in the pearlitic microstructure by decreasing when the depth
rises from the ground surface. Fig. 7b) allows identifying the three zones (WEL, BEL and base
material) according to their microhardness values, i.e. 910HV for WEL, 640HV for BEL and 310HV for
pearlite. These values are in agreement with data reported by other authors for similar structures
(25,38,42,43,52).

Fig. 8 shows the values of hardness (H) and Young's modulus (E) for each zone measured by
nanoindentation tests. As expected, both H and E decrease with the distance to the surface with
respect to the microstructural variation. The data for the three zones are similar to the results
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reported by other authors (43,50,53) who reported values around to 11 - 13 GPa for WEL, 5 - 6.5
GPa for BEL and 3.5-4.5 GPa for the pearlitic structure (base material).

Figure 8. Hardness and Young’'s modulus for WEL, BEL and base material. Nanoindentation
measurements.

Fig. 9 presents a visual description of the variation of microhardness measured parallel to the
contact surface along the white and brown etching layers. The indentations were made in a part of
the section shown in Fig. 5 where the variation between WEL and BEL can be identified visually.

Figure 9. Microhardness profile in the affected zone by the grinding process. Longitudinal view
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The results confirmed that both, WEL and BEL, have different mechanical properties associated

with values reported before and is possible that the WEL transformed reaches a maximum layer
thickness associated with the grinding conditions been the BEL a previous microstructure to its

transformation(54-56).

Also, a microstructural analysis was performed using TEM to identify the microstructure of the WEL
and to corroborate the preliminary hypothesis, which suggested a martensitic microstructure based
on the observed hardness values. Fig. 10 presents a BF (Bright Field) image within WEL region, with
the dotted circle indicating the region that was analyzed.

Figure 10. BF(Bright Field) image within WEL region

The diffraction patterns obtained are shown in Fig. 11 and from this the interplanar distance was
measures on SAED and compared with theoretical values as it is shown in Table 2

Figure 11. Diffraction patterns of WEL section. a) Pattern Indexing for SAED and b) Simulated SAED
Pattern axes zone [-111]
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Table 2. Theoretical and experimental d-Spacing

Plane Theorical d-Spacing[A]  d-Spacing[A] (SAED Pattern)

101 2.07050 2.0640
112 1.20740 1.1940
202 1.03540 1.0340
213 0.78930 0.7820

From the data reported in Table 2 above, the preliminary hypothesis was corroborated. The
interplanar d-spacing values find in this region are associated with a tetragonal structure related

to a martensitic microstructure. The patterns obtain in these analysis point can be related to a
martensitic structure which was compared with JCPDS card number # 00-044-1293. These results
are supported by the nanoindentation and microhardness values reported in Figures 8 and 9.
Microhardness reached up to 900 HV, and nanoindentation hardness reached 12.9 GPa, while
Young's modulus values were around 260 GPa. These data confirm a microstructural transformation
toward a martensitic structure

Conclusions

It is possible to promote the formation of White Etching Layer and Brown Etching Layer at the
surface of pearlitic rails by grinding in laboratory. The mechanical responses of WEL and BEL are
different, which may be related to intrinsic microstructural changes in the material as a consequence
of the grinding process. It was possible identified by visual inspection the microstructural
transformations (WEL and BEL) obtained by grinding process that showed a variation in the contrast
and the texture by LOM and SEM techniques in comparison with the pearlitic base material from
the ground surface up to 30 microns of depth. The mechanical response of the microstructures
identified showed a marked difference with respect to the pearlitic base material by reaching up to
three and four times of hardness and nanoindentation values of the bulk respectively. According

to the hypothesis based on the mechanical response of the WEL, a martensitic microstructure

was confirmed with respect to the diffraction patterns obtained by TEM in the affected zone by
comparing the d-spacing with theoretical values

The results of this investigation could be considered as a first stage of a new investigation to use
Non-Destructive Techniques for identifications of WEL on rail zones in commercial railways. Also,
identifying the operational conditions of the test is possible to study the specific conditions of the
WEL generation to reduce this formation during the grinding process as maintenance activity.
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