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Abstract

This study focused on the comparison of the microstructure changes induced in two pearlitic rail steels
subjected to full-scale wheel-rail contact rig tests (DB Systemtechnik, Germany): a conventional R260
steel grade and a heat-treated premium R370CrHT rail grade (also known as MHH400). The total
loading of the wheel/rail contact rig test was computed to be 2.4 million gross tons but aimed at
reproducing large deformations caused by loadings around 100 million gross tons into the materials.
The description of the microstructure showed the ability of the rig to reproduce large loadings.
Through the coupling of optical and SEM observations, EBSD measurements and hardness tests along
the depths of the tested rails, it was shown that the plastic deformation was much more confined in
R370CrHT than in R260. This thorough comparison of the microstructure changes will help the
building of wear scenarios.
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1. Introduction

Surface damage of rail steels and related costs of inspection and maintenance are important issues for
modern railway infrastructures. Moreover, the constant rise of loadings, frequency and speed of trains

only intensifies this issue with the increase of the stresses borne by the railways. To limit contact
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fatigue and wear, new steel grades have been searched for several years. In the fifties, hypoeutectoid
steels (bi-phased ferrite/pearlite steels) were preferred (e.g. R220). Then, in the seventies, hardness
increase was looked for to limit fatigue contact and wear. This resulted in the increase of carbon
content and thus the development of eutectoid steels such as R260. From the eighties, the mechanical
properties of rail steels were further improved with the development of thermal treatments (e.g.
R350HT) and the use of selective alloying (e.g. R370CrHT). These developments were conducted
concurrently with the examination of the resistance of these materials to wear and fatigue. Currently,
the main known metallurgical factors contributing to the wear and fatigue resistance of pearlitic steels
are: solid solution hardening, the size of pearlite colonies [1], the interlamellar spacing [2] and the size
of prior austenite grains [3].

To investigate the behavior of rails subjected to rolling contact, microstructural analysis is often
performed before and after their loading using optical microscope observations coupled with hardness
tests [4,5]. Scanning Electron Microscopy (SEM) is an increasingly favored method of observation
[6,7]. However, the microstructure descriptions tend to remain qualitative rather than quantitative (e.g.
the description of colony orientation [8,9]), with the exception of the interlamellar spacing [10]. A
quantitative description of the microstructure of pearlitic steels remains little addressed due to its
complexity and its large cost in terms of analysis and measuring time. The use of the Electron
BackScattering Diffraction (EBSD) technique is slowly growing for the characterization of the
microstructure of pearlitic steels [11,12]. More recently, Linz ef al. [13] investigated the early damage
phenomena taking place in R260 steel by coupling SEM, EBSD and hardness results. Similarly,
Dylewski et al. [14] used a multiscale analysis to examine head check initiation in R260 steel.

As underlined by Pointner [15], despite the numerous studies, the relationship between the features of
the microstructure of grade steels and mechanical contact or more particularly the resistance to wear
and fatigue is not clearly established yet.

Based on these observations, the study presented hereafter focused on the comparison of the
microstructure changes induced in two pearlitic rail steels subjected to full-scale wheel-rail contact rig
tests (DB Systemtechnik, Germany). The coupling of optical and SEM observations, EBSD

measurements and hardness tests along the depths of the tested rails were used to investigate the
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plastic deformation differences between a conventional R260 steel grade and a heat-treated premium

R370CrHT rail grade (also known as MHH400) at the scale of the microstructure.

C Si Mn Pmax. Smax. Cr Almax. Vmax. N max.
R220 0.50/0.60 0.20/0.60 1.00/1.25 0.025 0.025 0.15 0.004 0.030 0.010
max.
R260" 0.60/0.82 0.13/0.60 0.65/1.25 0.030 0.030 0.15 0.004 0.030 0.010
max.
R350HT 0.70/0.82 0.13/0.60 0.65/1.25 0.025 0.030 0.15 0.004 0.030 0.010
max.

R370CrHT* 0.70/0.82  0.40/1 0.70/1.10 0.020  0.020  0.40/0.60 0.004 0.030 0.010

Table 1: Composition of the discussed grade rails (weight %), according to [16]. The steels examined
in this paper are indicated using a mark (*).

2. Materials and methods

2.1. Rail material and test rig conditions
Two pearlitic steel grades were tested: R260 and R370CrHT improved to achieve 400 HB on the
surface (also known as MHH400). Their chemical compositions are presented in Table 1. One rail
made from each pearlitic steel grade was tested. Both rails had a 60E2 profile (thus a section of 76.48
cm?) and a total length of 3.2 m. The rail segments were subjected to 100,000 load cycles using a full
scale linear test rig (DB Systemtechnik, Germany) with a static contact force of 120 kN, a lateral force
of 10 kN and a rolling contact length of 2 m. Each test lasted approximately 4 days. The forces were
only applied during forward motion. The wheel was completely raised from the rail during the reverse
motion so that the testing scenario corresponded to a rolling in a single direction. An angle of attack of
3 mrad was used to simulate the testing conditions of curve negotiation. Monoblock wheels made of
ERS8 steel with a S1002 profile were used for the tests, in accordance with [17]. The total load of the
rail was approximately equal to 2.4 million gross tons (MGT) but it aimed at simulating an equivalent
on-track loading of 100 MGT.

2.2. Measurements

2.2.1.Microstructure analysis
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Specimens of 10 x 10 mm? were cut from the tested rails. The specimens were taken from the area
located 5 mm from the symmetrical axis of the rail head either in the worn part or in the non-deformed
part of the rail. Microstructures were characterized using a field emission gun— scanning electron
microscope (Zigma™, Zeiss, Germany) equipped with a EBSD detector (OptiPlex 7040, Nordif,
Norway). EBSD measurements were performed with an accelerating voltage of 25 kV, a tilt of 70° and
a working distance of 20 mm. Different measurement step sizes were chosen depending on the
required resolutions for the investigations: 500 nm for nodule characterization and 100 nm for
assessing local plastic deformation. Orientation maps were calculated with TSL OIM data collection™
software [18].
The specimens cut from the rails were polished using successive abrasive SiC papers (P300, P500,
P1000, P2000 and P4000) to remove the oxidized and contaminated layers. Then, the samples were
polished with 3 um, 1 pm diamond solution and OPS solution respectively for 10 min, 8 min and 5
min. For EBSD measurements, the specimens were polished with 10% oxide polishing suspension
solution and 90% of H>O in Buehler VibroMet™ 2 vibratory polisher for three days. For Optical
Microscopy (OM) observation, chemical attack in 1% Nital solution for 5 seconds was employed.
2.2.2.Wear and microhardness

After the wheel/rail tests, measurements of the rail profiles using a MiniProf profilometer were
performed to determine the transverse profile and the corresponding wear depths. Micro-hardness
measurements were performed with a Vickers indenter using a LECO M-400 micro-hardness tester
with a load of 300 gf (HV0.3). The indentation tests were achieved on the cross-section of the
specimens with a distance between two indents equal to four times the mean indentation length. Three
lines of tests were completed on each examined cross-section.
3. Results and discussion

3.1. Macroscopic observations
The cyclic stresses caused by the contact between wheel and rail entailed significant changes in the
rail profiles. Figure 1a presents the average values of rail profiles for R260 and R370CrHT after the
rolling contact wheel/rail test with a total load approximately equal to 2.4 MGT, as well as a 60E2

reference profile. The loss of transverse rail profile was more severe in R260 than in R370CrHT.
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Based on the profile shapes, the wear depth was estimated to be around 0.8 mm for R260 while it was
equal to 0.2 mm for R370CrHT.

It is worth noting that a series of OM observations along the rail profiles (Figure 1b, c and d) also
showed that headchecks took place in the R260 rail while no headchecks were detected in the
R370CrHT rail. This piece of information underlines the bench ability of reproducing effects caused

by curve negotiation.

—— Reference 60E2
—— R260 after rolling contact tests (2.4MGT)
5r ——— R370CrHT after rolling contact tests (2.4MGT)
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Figure 1: (a) Profiles of rails after rolling contact wheel/rail rig testing and reference profile for 60E2;
(b) OM observations of the wear and head check zones in the cross section of two rails, (c) magnified
OM figure for R370CrHT and (d) magnified OM figure for R260.

3.2. Microscopic observations
Hereafter, the presented results will focus on the wear zone schematically depicted in Figure 1a. The
evolution of the microstructure of this area will be compared to the area called ‘symmetrical zone’
underlined in Figure la. The symmetrical area was chosen as reference for the microstructure
characterization because it does not undergo any deformation during the test. A closer examination of

Figure 1a shows a slight loss of profile in the symmetrical zone compared to the reference line but it
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was caused by grinding prior to the rolling contact test. It should be noted that the field corner of rails
is often chosen as the reference instead of the symmetrical zone. However, such a choice would not be
relevant for this study because the examined R370CrHT steel underwent thermal treatment that led to
the development of different microstructure characteristics in the field corner and symmetrical zone.
3.2.1.Initial state
Both materials had a pearlite microstructure composed of alternating lamellae of ferrite and cementite
phases (as underlined in Figure 2a). As the interlamellar spacing S, is known to play a crucial role in
the yield strength and hardness of pearlite steel, it was quantified in both materials. Two hundred fifty
measurements were performed across straight lamellae groups, as illustrated in Figure 2a and b. These
measurements were performed at different depths to get an average value of S, for the undeformed
areas. The average interlamellar spacing of R260 was identified to be equal to 310 = 20 nm while it
was equal to 73 +5 nm for R370CrHT. Thus, the average interlamellar spacing was approximately
four times larger in R260 than in R370CrHT.
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Figure 2: SEM images of typical pearlite microstructure for the undeformed (a) R260 and (b)
R370CrHT rail grades with examples of determination of interlamellar spacing (Sp) and the computed
distribution of interlamellar spacing for (c) R260 and (d) R370CrHT. Cementite and ferrite lamellae
are indicated by green and blue arrow in (a).

Then, microstructure characterization of the unloaded area of the rails was performed using SEM-
EBSD measurements. First, large EBSD maps with a step size of 500 nm were performed in the
symmetrical zone, near the surface, to quantify the nodule size. Nodules were defined as regions
separated by misorientation angles larger than 10°. Figure 3a and b shows the Inverse Pole Figures
(IPF) obtained in the symmetrical area of the worn rail samples, near the surface, for R260 and
R370CrHT, respectively. The nodule size was found to be around 37 pm * 29 pm for R260 and 25 +
14 pm for R370CrHT. Despite the large standard deviations, these computations showed that R260
had larger nodule sizes than R370CrHT and that the nodule sizes were more spread (the coefficient of
variation was equal to 0.78 for R260 and 0.56 for R370CrHT). Based on these large EBSD maps, pole
figures were also drawn. For the sake of brevity these figures were not included but no preferential
orientation of pearlite was observed for both R260 and R370CrHT with respect to the rolling direction.
Thus, no texture developed in the near surface of the railheads during the production of the rails.
Figure 4 shows the results of finer EBSD scans with a step size of 100 nm in the same region. IPF
maps were superimposed with Image Quality (IQ) results and IQ map with the values of the rotation
angles. For R260, as the interlamellar spacing is larger than the EBSD step size, the lamellar
microstructure clearly appeared on the combined IPF and IQ maps. On the opposite, for R370CrHT,
the interlamellar spacing is too small compared to the EBSD step to give a clear definition of the
lamellae. For the selected areas, a total length of boundaries of 1.2 mm was measured for R260 with
64% of Low Angle Boundaries (LAB) i.e. boundaries with rotation angles comprised between 2 and
10 degrees and 36% of High Angle Boundaries (HAB) i.e. boundaries with rotation angles comprised
between 10 and 65 degrees. For R370CrHT, a total length of boundaries of 2.3 mm was measured for
an equal size of zone, composed of 60 % of LAB and 40% for HAB. These computations were
repeated on several areas. The difference of total length of boundaries between R260 and R370CrHT
was significant and can be explained by the finer nodule and colony structure of R370CrHT compared

to R260.
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R370CrHT

Figure 3: EBSD characterization of the undeformed zone (symmetrical area) in the worn rail samples
with a step of 500 nm: IPF of (a) R260 and (b) R370CrHT.
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Figure 4: EBSD characterizations performed at a depth of 4000 um in the symmetry zone with a step
size of 100 nm: IPF maps superimposed with image quality of (a) R260, (b) R370CrHT and 1Q maps
with grain boundaries (2-5° in blue, 5-10° in green, 15-65° in red) for (c) R260 and (d) R370CrHT.

3.2.2.Worn state
First, the evolution of interlamellar spacing S, and hardness was determined as a function of the rail
depth (Figure 5). The interlamellar spacing was quantified with a statistical analysis of SEM images
for both materials. Near the material surface, S, fell by around 50% for R260 if compared to the value
found in the symmetrical area while S, only fell by around 20 % for R370CrHT. Furthermore, for
R260, S, gradually increased from the surface of the material down to a depth of approximately 1500
um, while for R370CrHT there was a steep increase until a depth of only 350 um. It should be noted

that after these brutal variations caused by the material deformation, both materials showed a slight

924



increase of S, with depth, instead of reaching a plateau. This slight increase results from the different
cooling rates of the material during the steelmaking process. Microindentation tests were also
performed on the cross-section of both materials. Figure 5b presents the variation of the microhardness
divided by the microhardness determined before loading, as a function of depth. An increase of the
microhardness of 60% at the surface of the material was observed for R260 while this increase was
only of 30% for R370CrHT. The microhardness of R260 gradually decreased until a depth of
approximately 600 um while the microhardness of R370CrHT quickly decreased over a depth of
around 350 pm. It should be noted that the interlamellar spacing and the microhardness varied over
similar depths for R370CrHT. On the opposite, for R260, the variation depth of the interlamellar

spacing took place over around twice the distance determined for the microhardness.

(a) (b) 2.0
. i . . Evolution of microhardness in depth of wear zone
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Figure 5: Variation of interlamellar spacing S, (a) and microhardness Hv/Hvundeformedy (b) with the
distance from the worn surface in R260 and R370CrHT after rolling contact tests.

Figure 6 shows the SEM-EBSD characterization of the microstructure directly below the worn surface
for the rail sample R260. The SEM images showed that there were no visible lamellar structures
retained in the subsurface of the wear zone of R260 in the first 60 um below the surface (Zoom A).
Then, there was the co-existence of curved and fragmented cementite lamellae, as underlined with
Zoom B. Numerous porosities can be observed and seem to be residual marks of precipitates. EBSD
measurements performed in the same area as the SEM images showed a significant loss of Kikuchi
patterns for the first 30 pm below the surface. For a depth larger than 30 pm, the nodule structure was
completely lost but very small clusters of crystallites sharing similar orientations were perceived: these

clusters tended to be very thin (around 1 pm) along ND and elongated (around 5 um) along the TD.
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Figure 7 presents the SEM-EBSD characterization of the microstructure below the worn surface for
the rail sample R370CrHT. In the SEM images, contrary to R260, the flattened microstructure was
clearly discernible directly below the surface as well as further down the cross-section. A clear tilt of
the microstructure was observed: the microstructure realigned itself with the direction of deformation
caused by the shearing. As for the EBSD measurements, the loss of Kikuchi patterns occurred at a
smaller depth than for R260 (around 5 to 10 um). A steep gradient of microstructure was perceived: in
the first 15 pum, small clusters of crystallites sharing similar orientations were observed, with an

increase of these cluster sizes with the increase of the depth of the observation.
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Top surface
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Figure 6: SEM-EBSD observations of the near surface of rail R260 after rig-testing, taken from the
cross-section (ND-TD plane), (a) SEM observation and (b) IPF map of the same area.
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Top surface
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Figure 7: SEM-EBSD observations of the near surface of rail R370CrHT after rig-testing taken from
the cross-section (ND-TD plane).

The plastic deformation of the materials caused by the contact between wheel and rail can also be
apprehended by visualizing local misorientations. Figure 8 presents the Kernel Average

Misorientations (KAM) obtained for R260 and R370CrHT, for the selected zones in the IPF maps of
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Figure 6 and Figure 7. Below the worn surface, there was a striking difference in KAM evolutions
between the rail sample R260 and R370CrHT. In R260, excluding the non-indexed Kikuchi patterns in
the subsurface, KAM between 10° and 65° represented a fraction of 39% of the surface and were
distributed all along the examined area. Thus, a considerable number of high-angle boundaries were
produced in the near surface. On the opposite, for the same depth, KAM between 10° and 65°
represented a fraction of 22% of the surface for R370CrHT. Moreover, a clear gradient was observed
in the R370CrHT sample with a decrease of the KAM angles along the depth of the cross-section.
Thus, R370CrHT showed a steeper gradient confined to the near surface of the railhead.

These results were checked with the computation of the misorientation angle for the near-surface wear
zone in R260 and R370CrHT and were compared with the misorientation angle computed for the near-
surface symmetrical areas i.e. the unloaded state (Figure 9). The Mackenzie distribution [19] was also
drawn as a reference for a cubic sample with a random texture. The distribution of misorientation
angle in the symmetrical zone was found to be different from the shown random distribution for both
steel grades. It can be explained by the rail production method as well as by the pearlite structure
(colony, lamellae) that led to have much LAB than HAB in the considered measurements (as can be
observed in Figure 4) and thus caused a distribution that differed from ‘standard’ grain definition.
Then, plastic deformation led to the creation of HAB through the subdivision and rotation of the
lamellae and the changes of shape and size of the ferrite grains. More specifically, based on Figure 9,
it can be seen that in R260, the number fraction of high misorientation angle was nearly twice higher
below the surface in the loaded state compared to the unloaded state. For R370CrHT, the results were
completely different: low and high misorientation angles tended to have similar values of number

fraction but there was an increase of medium misorientation angles (between 20 and 30 degrees).
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R260 R370CrHT
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Figure 8: KAM maps corresponding to the selected rectangle in Figure 6 and Figure 7, R260 (a) and
R370CrHT (b).
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Figure 9: Misorientation angle distribution in the near surface of R260 and R370CrHT.
The microstructure evolution of R260 and R370CrHT was then investigated at different depths below
the worn surface using EBSD measurements. Figure 10 and Figure 11 are representative of the EBSD
characterizations performed at 150, 500 and 3500 um in R260 and R370CrHT, respectively. A quick
look at the superimposed IQ and rotation angle maps already emphasized the difference of behaviors
between R260 and R370CrHT. The red color standing for rotation angles larger than 10° clearly
prevailed in the R260 map. More specifically, for R260, the maps combining IPF and IQ suggested a
larger interlamellar spacing with the increase of depth, which confirmed the results shown in Figure 5.
Contrary to the observations made immediately below the worn surface (Figure 6), larger sub-
structures recalling prior-nodules and colonies were observed. However, the disorientations remained
too large to try to identify and quantify these substructures. On the combined IQ and rotation angle
map, a total length of boundaries equal to 13.7 mm was calculated for the examined depth of 150 um,
composed of 30% of LAB and 70% of HAB. This total length of boundaries progressively decreased
along the depth of the sample R260 with a total length of 12.2 mm at 500 um, with 39% of LAB and
61% of HAB. This decreasing was even larger at a depth of 3500 um with a total length of 9.9 mm,
with 53% of LAB and 47% of HAB. However, the total length of boundaries as well as the fraction of
HAB remained much larger than the reference (Figure 4). A non-deformed microstructure was only

identified from a depth of 5 mm for R260.
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On the opposite, R370CrHT quickly retrieved a microstructure devoid of any plastic markers (at the
scale of the EBSD). The EBSD characterizations performed at a depth of 150 um below the worn
surface showed structures very similar to nodules with elongated shapes titled relative to the loading
axis (ND). These structures contained some HAB but LAB were dominant. A total length of
boundaries equal to 8.7 mm was identified at a depth of 150 um, with 63% of LAB and 37% of HAB.
Then, this total length quickly dropped at a value of 4.1 mm for a depth of 500 pm, with 56% of LAB
and 44% of HAB. Finally, the total length of boundaries was equal to 2.7 mm for a depth of 3500 um,
with 64% of LAB and 35% of HAB. It is worth noting that in R370CrHT, even if the total length of
boundaries was different along the investigated depths, the ratio of LAB and HAB remained globally
unchanged. For R370CrHT, the performed analyses showed that the indicators of plastic activity were
confined to a depth of around 700 um, which is seven times smaller than the value identified for R260.
Figure 10 and Figure 11 also showed that in R260, the nodule and colony structures were quickly lost
and there were important rotations of lamellae. On the other side, in R370CrHT, colony and nodule
structures were largely kept, even when undergoing large deformations. Thus, it seems that in
R370CrHT, small interlamellar spacing, combined with small colony and nodule structures, led to the

formation of strong cell structures that are more resistant to plastic deformation.
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Figure 10: EBSD characterization performed at depths of 150, 500 and 3500 um in R260: (a), (c), (e)
IPF maps superimposed with image quality; (b), (d), (f) IQ map with grain boundaries (2-5° in blue, 5-
10° in green, 15-65° in red).
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Figure 11: EBSD characterization performed at depths of 150, 500 and 3500 um in R370CrHT: (a), (c),
(e) IPF maps superimposed with image quality; (b), (d), (f) IQ map with grain boundaries (2-5° in blue,
5-10° in green, 15-65° in red).

It should be noted that even if the total load of the rig-tested rails was estimated to be around 2.4 MGT,

the large plastic deformations were characteristics of much larger tonnages. The microstructure
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characteristics of the examined R260 after deformation were closer to the observations performed by

Dylewski et al. on a R260 that had supported 350 MGT in real traffic conditions [20] than the

observations made on a R260 at the early stages of deformation (1.3 to 16 MGT) [14].

The previous results showed that the deformation behavior of R260 and R370CrHT at the

microstructure scale was strikingly different. Figure 12 schematically summarizes the microstructure

evolution differences between both steel grades. For R260, directly below the worn surface, there was

a complete loss of the microstructure: no colonies, nodules or lamellae were observed. Then, some

fragmented and curved lamellae were observed as well as some clusters of crystallites showing similar

orientations. In R260, the HAB were so numerous and predominant that the nodule structure could not

be identified. Signatures of plastic deformations were found until a depth of approximately 5000 pm.

On the contrary, for R370CrHT, the microstructure was still observed directly below the worn surface,

even if it was very deformed. Thin and elongated structures tilted relative to the loading direction (ND)
were present until a depth of 50 pm. Then, the nodules, even if flattened and tilted, were clearly

observed. They quickly regained their round shape with the increase of depth. Signatures of plastic

deformations were found until a depth of only 700 um. Based on these characterizations, it seems that
the smaller interlamellar spacing in R370CrHT, combined with smaller structuration (colony, nodule)

led to the formation of strong cell structures that are more resistant to plastic deformation, thus

slowing down material wear.
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Undeformed pearlite structure

Undeformed pearlite structure
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Figure 12: Schematic illustration of microstructure evolution below the worn surface of two rail grades
R260 and R370CrHT after rolling contact wheel/rail rig testing.

4. Conclusion

The purpose of this investigation was to examine rail wear in two pearlitic steel: a standard grade
(R260) and a heat-treated premium grade (R370CrHT improved to 400 HB). To do so, a full-scale
wheel/rail contact rig test was used to reproduce large deformations (loadings around 100 MGT) in a
short period of time (computed loadings were equal to 2.4 MGT). Macroscopic observations of worn
rails showed that the loss of transverse rail profile caused by the test was more severe in R260 as the
wear depth was at least four times larger than the one identified for R370CrHT.

The combination of optical, SEM observations, microhardness tests and EBSD characterization

enabled us to explain this difference of wear behavior. The main results of this study are:

plastic deformation was much more confined in R370CrHT than in R260. The examination of

the misorientation angles and rotation angles led to identify microscopic plastic deformation

activity until a depth of 5 mm for R260 while this depth was only equal to 700 um for

R370CrHT.

- Stronger strain-hardening was noticed for R260 with an increase of the microhardness at the
surface of the material of 60% while it was only 30% for R370CrHT. Moreover, the
microhardness varied over a depth of 600 pm for R260 while it decreased over a depth of only
350 um for R370CrHT.

- The R260 steel rail completely lost its microstructure below the worn surface (absence of
colonies, nodules, lamellae) contrary to the R370CrHT steel that kept visible lamellae and had
elongated sheared structures tilted relative to the loading axis.

- High angle boundaries were predominant in R260 and prevented any recognition of nodule
structuration. On the contrary, nodule structuration was quickly retrieved below the surface in
R370CrHT.

- The smaller interlamellar spacing in R370CrHT, compared to R260, combined with smaller

structuration (colony, nodule) led to the formation of strong cell structures that are more

resistant to plastic deformation, thus slowing down material wear.
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This through comparison of the microstructure changes induced in two pearlitic rail steels subjected to

a wheel/rail contact rig test will help the building of wear scenarios. Future work will focus on smaller

scale to improve the understanding of lamellae deformation.
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