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A B S T R A C T

In order to ascertain the wear behavior of three advanced crossing materials, twin disc tests are

conducted. In particular, the austenitic Hadfield manganese steel Mn13, the ultrafine-pearlitic R400HT

and the chromium bainitic CrB1400 steel are benchmarked. The investigated crossing materials are

combined with the standard wheel material ER7. Due to the relatively low initial hardness of the as-

cast Mn13 the crossings are typically pre-hardened by the explosive depth hardening technique. Due

to the size of the discs, explosive depth hardening the Mn13 disc is not a viable option. R400HT is

identified as exhibiting the greatest resistance to wear, although CrB1400 demonstrated comparable

results. Mn13 showed the highest wear rates. Three primary reasons for the elevated wear rates of

Mn13 have been identified. These include a significantly lower initial hardness, a distinct hardening

mechanism in conjunction with a high work hardening potential and a different wear mechanism that

demonstrated a high dependency on the applied contact pressure.

1. Introduction

The possibility to maneuver between different rail tracks

is enabled by switches and crossings (S&C). Therefore, these

components are indispensable for the flexibility of a railway

network. The frequently reoccurring rolling sliding contact

between wheel and rail drives three main damage mecha-

nisms, namely wear, plastic deformation and rolling contact

fatigue (RCF) [1]. Furthermore, the contact conditions and

therefore the damage is influenced by geometrical changes

due to plastic deformations of the contact partners [2]. Due

to the discontinuities in track that occur with the installation

of S&C, exceptional high dynamic loads between wheel and

rail are the consequences [3]. Higher damage rates with

respect to wear and RCF emerge from the dynamic load

peaks. To ensure the safety of turnouts, tight inspection and

maintenance intervals are required, which lead to an increase

of operational costs [4].

The dynamic impact caused by the transfer of the wheel from

the wing rail to the crossing nose, results in high stresses,

varying rolling radii (slip) and dynamic normal and lateral

contact forces. These conditions demand highly engineered

materials to provide more resistance to the damage modes

expected. Premium rail steels are applied to withstand the

loading, enlarge the maintenance intervals and reduce life

cycle costs (LCC) of these components.

Within this work three advanced crossing materials are

tested using twin disc tests. In particular, the austenitic Had-

field manganese steel Mn13, the ultrafine-pearlitic R400HT

and the chromium bainitic CrB1400 steel are benchmarked.

The main mechanical properties of the tested materials are
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provided in Table 1 [5–8]. The mechanical properties of

Mn13 significantly differs from the other two rail steel

grades: CrB1400 and R400HT exhibit a rather high initial

hardness and tensile strength compared to Mn13. However,

the elongation, an indicator for the work hardening capabil-

ity in service, is significantly higher for Mn13. The differ-

ence is mainly caused by different hardening mechanisms:

The pearlitic and bainitic microstructure primarily strain

hardens when subjected to plastic deformation due to the

dislocation movement. Mn13 primarily work hardens by

the so-called twinning-induced plasticity (TWIP), a cold

working mechanism, which leads to a significantly higher

work hardening capability [9, 10]. Due to this characteristics

Mn13 is mainly used in the frog of turnouts. The high

compressive dynamic loads during the wheel passage cause

a steady increase of the material hardness as well as a

geometrical adaption of the contact geometries leading to a

lower local contact loading, e.g. [5, 9]. Due to the compara-

bly low initial hardness of as-cast Mn13 the frogs are mostly

pre-hardened by the technique of explosive depth hardening

(EDH) leading to hardness values of up to 400 HBW, which

is comparable to the high strength materials CrB1400 and

R400HT [11]. However, to the best-knowledge of the au-

thors currently no EDH technique is available for small-scale

samples required for laboratory twin disc tests. Therefore,

the Mn13 is considered in its as-cast condition.

Twin disc testing is a widely spread approach to bench-

mark railway materials under a broad variety of realistic

rolling-sliding loading conditions as they occur in track [12–

15]. The twin disc setup is appropriate to reproduce the

main damage mechanisms observed in wheel-rail contact

on a laboratory scale. Therefore, twin disc tests are a cost-

efficient method to study the wear mechanisms and quantify

wear rates for different materials [16, 17]. In addition, twin

disc tests are frequently applied to study the initiation of RCF
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Wear behavior of advanced crossing materials

Table 1
Mechanical properties of the investigated rail and wheel steels
[5ś8]

.

Hardness Tensile strength Elongation
[HBW] [MPa] [%]

R400HT 440-490 ≥ 1350 ≥ 8
Mn13 (as-cast) 220 ≥ 725 ≥ 30
CrB1400 420-480 ≥ 1400 ≥ 11
ER7 250-270 ≥ 900 ≥ 14

cracks and the effect of friction modifiers [13, 14, 18, 19].

A drawback of the downsizing is the transfer of results

from laboratory to the track due to the non-linear nature

of contact mechanics. However, researches have optimized

sample geometries [16] and introduced several approaches

such as the T-Gamma value to characterize wheel-rail con-

tact conditions, identify different wear regimes and transfer

results between different scales [17]. Nevertheless, the sur-

face roughness cannot be scaled properly due to the limited

disc size leading to differences in the subsurface stress

distribution, which has an impact on the damage initiation

that must be considered when assessing test results [20].

Standard railway materials have been intensively inves-

tigated using twin-discs [17, 21–23]. However, twin disc

results especially regarding the wear mechanism for the

advanced materials considered in this study are limited.

Researchers have already investigated the wear behavior of

R400HT in twin disc tests, e.g. in [13, 24]. The investigated

wear mechanism is comparable to the standard pearlitic rail

steel grades such as the grade 900A [25] as well as the

standard wheel materials (e.g., ER7) [26]. Messaadi et. al.

[27] conducted a twin disc test on CrB1400, focusing on

the influence of friction modifiers. Data regarding the wear

behavior, especially with respect to the dominating wear

mechanism, are currently missing in literature. For Mn13

wear data is available from ball on disc [28] as well as

dry reciprocal sliding tests [29]. The wear mechanism is

expected to differ from the other two materials investigated

in the twin-disc test due to the formation of twins within

the grains, as reported for comparable materials subjected to

similar loading conditions. In general, higher wear rates are

expected due to the low initial hardness and work hardening

mechanism based on the results published in literature. [30–

32]

Previous works [17, 25, 33, 34] identified three typical

wear regimes for wheel and rail steels under rolling-sliding

contact, namely mild, severe and catastrophic wear. The

dominating wear regime is mostly depending on contact

pressure, slip, materials in contact and temperature in the

contact zone [17]. The transition of wear is a consequence

of differing contact conditions. In the contact between the

wheel tread and the rail head, it is probable that both mild

and severe wear will occur. When the wheel flange and rail

gauge corner are in contact, a phenomenon known as full

slip may occur, which can result in severe to catastrophic

wear. Moreover, thermal material softening, which results

in catastrophic wear, can be initiated by high temperatures

temperatures that result from high slip conditions in the

wheel/rail contact [34]. Furthermore, wear is related to dif-

ferent mechanisms occurring in the wheel/rail contact. These

include the following types of wear: abrasive, adhesive,

delamination, tribo-chemical, fretting, surface fatigue and

impact [35].

2. Methods

Wear tests were carried out on the Sheffield University

Rolling Sliding (SUROS) twin disc test rig. A line contact

is used between twin disc test specimens on this machine to

simulate the contact stress and rolling-sliding slip conditions

seen at the wheel/rail interface. This section describes the

test methodology and the machine setup of the used SUROS.

A brief description of the SUROS machine can be found in

[36]. In addition, details about the tested specimens and the

test approach itself are presented.

2.1. Test apparatus
A twin disc test consists of a driving (faster) and a driven

(slower) disc. Both discs are driven by an AC motor to

achieve a difference in speed and consequently slip between

the discs [36, 37].

As in several previous works [14, 21, 22, 38–40] that fo-

cused on damage mechanisms in the wheel-rail contact, the

SUROS test machine of the University of Sheffield is used

for this test series. The possible disc speed ranges from

0 to 1 600 rpm and a maximum load of 29 kN can be

applied. Figure 1 shows the mechanical setup of a twin disc

apparatus.

2.2. Twin disc specimens
The discs are manufactured from wheel and rail compo-

nents as close as possible to the wheel rail contact positions.

Therefore, the wheel discs are cut out near the running

surface at the wheel rim. In a similar process the R400HT

and CrB1400 rail discs are sectioned out of a 60E1 rail

head. The Mn13 discs are cut out of a non-EDH cast block,

which is manufactured in a special process to achieve similar

material properties as in as-cast crossing noses. However, in

comparison to the real crossing nose, the EDH process is not

applicable for the cast block.

The discs have an outer diameter of 47 mm and a cylindrical

running width of 10 mm. Figure 2 illustrates the cut out

regions of the specimens and the according dimensions of

the discs. The average roughness Ra on the contact surfaces

of the discs is below 0.5 𝜇m. Due to the relatively small

diameter of the discs, it is not feasible to harden the Mn13

discs using an EDH process as it would cause damage.

Therefore, it is noted that the comparison to the behavior

of the real crossing nose may be limited.

2.3. Test conditions
The materials are tested at a constant reference speed of

400 rpm resulting in a surface speed of 1 m/s. Two normal
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Figure 1: Structure of the SUROS twin disc machine. This őgure is based on [37]

Figure 2: based on [12, 40] will be redrawn see [22]

loads corresponding to 1 400 and 1 800 MPa of contact

pressure are tested. The tests were conducted under dry

conditions and a constant slip of 0.5 % is applied. This test

approach results in six variants, each lasting 50 000 cycles.

An overview of the test parameters is given in Table 2. For

statistical purposes, each test is conducted twice. Load and

slip conditions have been controlled and monitored during

the entire test series.

2.4. Analyses methods
Measurements were divided into those taken before,

during and after the tests. Before starting the experiments,

surface roughness was measured using an Alicona non-

contact surface measurement tool. Images were taken and

discs were cleaned with acetone. After cleaning, mass and

diameter of the discs were recorded at laboratory tempera-

ture and humidity. Every 10 000 cycles the tests are paused

to measure the loss of mass and to analyze the wear debris

from both the driving wheel and driven rail disc. The loss

of mass of the discs, which is measured with a balance

S. Gapp, et. al.: Preprint submitted to Elsevier Page 3 of 12
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Table 2
Testing parameters

Wheel Rail Contact Slip Disc
material material pressure speed

[MPa] [%] [rpm]

1 ER7 R400HT 1 400 0.5 400
2 ER7 Mn13 1 400 0.5 400
3 ER7 CrB1400 1 400 0.5 400
4 ER7 R400HT 1 800 0.5 400
5 ER7 Mn13 1 800 0.5 400
6 ER7 CrB1400 1 800 0.5 400

Adam Equipment Co. Ltd. Model AAA30L, is then used

to calculate wear rates. During the tests, after each block of

cycles, the tests were stopped and the mass and diameter of

discs were recorded again. Surface roughness values were

measured, and tests were continued. The post-test analyses

include the evaluation of grain deformation and material

hardness. A scanning electron microscope (SEM) of type

TM3030 Hitachi Tabletop is used to analyze the wear debris.

After 50 000 cycles grain deformations are visualized with

a optical microscope of type Nikon Eclipse LV 150. The

post-test hardness measurements are conducted with micro-

and nano-indentation tests. The hardness measurements are

performed with DuraScan micro-hardness and Bruker nano-

hardness of type Hysitron test machines, respectively. A

Vickers indenter is applied for these tests. After all blocks

of cycles in each test were finished, the mass, diameter of

the discs, and roughness measurements were recorded. Discs

were then sectioned for further analysis. The samples were

mounted, ground and polished. Micro- and nano- hardness

measurements were carried out and after that, the samples

were etched with a 2 % Nital solution for microstructure

analysis using a scanning electron microscope.

3. Results

This section presents the test results. In particular the fol-

lowing parameters are evaluated: wear rates, analysis of wear

debris, plastic deformations and microstructural changes,

friction values and material hardness.

3.1. Wear rates
The wear rates of the tested crossing materials are

evaluated over the rolling cycles. Figure 3 illustrates the wear

rate evolution for R400HT, Mn13 and CrB1400. Figure 3a

and b show the rail wear rates and Figure 3c and d the wheel

wear rates, respectively. The diagrams on the left hand side

account for an applied contact pressure of 1 400 MPa and

the right hand sided ones for 1 800 MPa.

At a contact pressure of 1 400 MPa, R400HT and CrB1400

show similar rail wear rate curves. A clear plateau is not

reached for these two materials although the wear rate

increase is reduced after 10 000 cycles. The Mn13 specimen

shows a significantly higher wear rate.

In Figure 3b R400HT and CrB1400 show again a quantita-

tively similar behavior of rail wear rates. The wear rate at

the end of the 1 400 and 1 800 MPa tests is about 4 𝜇g/cycle.

Therefore, the wear behavior of R400HT and CrB1400

seems to be almost independent of the applied contact

pressure. In both cases R400HT has the least total wear.

Mn13 shows a completely different behavior compared to

1 400 MPa. The wear rates of Mn13 increase almost linearly

over the cycles and show no sign of reaching a constant wear

rate. A maximum of nearly 30 𝜇g/cycle is reached, which is

significantly higher than that of the other crossing materials.

Comparing Figure 3a and b, Mn13 shows a high sensitivity

to the applied contact pressure.

For all materials in Figure 3c the wheel wear rates increase

linearly for the first 30 000 cycles. A plateau is reached as the

test cycles progress, resulting in a wheel wear rate of approx-

imately 10 𝜇g/cycle for R400HT and CrB1400. Mn13 shows

a qualitatively similar behavior although the increase in

wear rate is higher between 10 000 and 30 000 cycles. Mn13

reaches a constant wheel wear rate of about 14 𝜇g/cycle after

30 000 cycles.

Compared to Figure 3b, Figure 3d shows a similar behavior

of Mn13 related wear rates, where no constant wear behavior

is noticeable. A maximum of about 26 𝜇g/cycle is reached

and therefore significantly higher than the maximum wheel

wear rates of R400HT and CrB1400, respectively. Conse-

quently, the wheel wear rate of Mn13 also shows a clear

dependence on the applied contact pressure. In this setup

CrB1400 does not reach a clear plateau, on the contrary the

wheel wear rate keeps increasing over cycle numbers. The

wheel wear rate of R400HT tends to settle at 6 𝜇g/cycle.

3.2. Wear debris
A focus of this experimental series is the analysis of

the wear debris. Figure 4 and Figure 5 show SEM images

of the wear debris produced at various stages of the tests.

Figure 4 refers to a normal load of 1 400 MPa and Figure 5

to 1 800 MPa, respectively. The images show both the rail

and wheel debris. Therefore, it is not clear if the rail or wheel

material formed certain flakes.

After 10 000 cycles at 1 400 MPa it seems that ER7-R400HT

formed many but small flakes. The flakes of ER7-CrB1400

and ER7-Mn13 are bigger but fewer. This is in good agree-

ment with the wear rate curves, see Figure 3a and c, which

do not show a clear difference at this stage. Between 10 000

and 30 000 cycles ER7-R400HT and ER7-CrB1400 formed

more flakes than ER7-Mn13. Since the total wear between

10 000 and 30 000 cycles is higher for the Mn13 tests, it

follows that these flakes need to be significantly bigger,

which is proven by the SEM images. The presence of these

large particles, measuring several hundred micrometers, in

the contact area may result in the development of third

body abrasive wear, which is characterized by elevated wear

rates compared to two-body abrasive wear. Moreover, the

particles may become embedded on the running surface of

a disc. This results in an increase of the surface roughness,

which in turn leads to a higher wear rate. Comparing the
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Figure 3: Wear rates of rail ((a) and (b)) wheel discs ((c) and (d)) at 1 400 MPa ((a) and (c)) and 1 800 MPa ((b) and (d)),
respectively. The materials are divided by the color code.

images after 10 000 and 50 000 cycles, the particles size of

all three materials increased with the cycle number.

Unfortunately, the image for R400HT after 10 000 cycles at

1 800 MPa is not available in Figure 5. In the first 10 000

cycles, ER7-Mn13 formed more but smaller flakes compared

to ER7-CrB1400. This is in good agreement with the wear

rate curves, see Figure 3b and d, which show a higher

total wear for ER7-Mn13. After 30 000 cycles ER7-R400HT

formed the least flakes. The quantity and size of ER7-Mn13

flakes is the highest, as evidenced by the significantly higher

wear rates. The images after 50 000 cycles correspond to the

trend after 30 000 cycles. For ER7-Mn13, the flakes appear

to be smaller compared to 1 400 MPa. Based on the three

body abrasive wear theory, the flakes probably got crushed

by the higher contact pressure.

3.3. Deformation analysis
To gain a comprehensive understanding of the material

behavior under the twin disc test conditions, the authors

conducted a subsurface analysis by capturing microscope

images of the internal structure of the tested crossing mate-

rials. These subsurface images unveil information regarding

potential subsurface damage and wear mechanisms. There-

fore, the discs are cut and etched using a 2 % Nital solu-

tion. Figure 6 illustrates the methodology employed for the

extraction of metallographic cross-section samples from the

discs. In Figure 7 the optical microscope images of cut and

etched rail discs after 50 000 cycles are shown.

For R400HT in Figure 7a and b the images show mi-

nor plastic deformations with a depth of approximately

100 𝜇m. Furthermore, short and shallow cracks are visible.

The substructure and the deformed layer exhibit comparable

characteristics at both contact pressures. These images serve

to reinforce the similarity observed in the rail wear rates.

Figure 7c illustrates that Mn13 at 1 400 MPa exhibits a

deformed grain structure, yet no cracks. In comparison to

R400HT and CrB1400 the grains are larger, which is a con-

sequence of the casting process. The distinctive microstruc-

tural characteristics of Mn13 are highlighted in Figure 7c and

d. Formed twins are clearly visible. Moreover, inclusions

are marked and a possible grain boundary crack could be
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Figure 4: SEM images of wheel and rail wear debris for 1 400 MPa of contatct pressure.

determined in Figure 7d. Lindross et. al. [31] observed com-

parable metallographic characteristics in high manganese

steel samples. Nevertheless, the testing conditions are quite

distinct. Is that sentence correct from a metallographic

perspective?

As illustrated in Figure 7e and f, according to CrB1400,

there are small deformation layers and some short, shallow

cracks are visible. The deformation depth is approximately

70-80 𝜇m. As with the R400HT, the substructure and plastic

deformation are comparable, which aligns with the results of

the rail wear rate diagrams in Figure 3.

3.4. Friction values
The coefficients of friction (COF) are determined by

the friction force every 10 000 cycles. The friction force

is measured via torque measurements on one of the shafts

and data is collected throughout the test. Further details

can be found in [36]. The COFs represented in Table 3

are determined by averaging between 30 000 and 50 000

cycles to account for a run-in state. The different contact

conditions that occur between wheel and rail/crossing can

affect the COF. All materials show lower values for a higher

contact pressure, which is in good agreement with previous

works, e.g. [41]. The correlation of COF for R400HT and

CrB1400 underline the similarity in the wear rates of these

two materials. The significantly higher wear rates observed

for Mn13 cannot be attributed to the evaluated COFs, which

again indicates the presence of a distinct wear mechanism.

3.5. Hardness
The HV1 micro hardness profiles of Mn13, R400HT and

CrB1400 were determined at various material depths. Fig-

ure 8 shows the hardness distribution for the tested materials

after 50 000 cycles.
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Figure 5: SEM images of wheel and rail wear debris for 1 800 MPa of contatct pressure.

Table 3
Coefficients of friction: Average values between 30 000 and
50 000 cycles.

1 400 MPa 1 800 MPa

R400HT 0.30 0.25
Mn13 0.32 0.23
CrB1400 0.28 0.23

In both cases, the hardness distribution of R400HT and

CrB1400 is nearly constant. Given that these materials have

undergone heat treatment, which has resulted in a high bulk

hardness and consequently a low work hardening potential,

this result is reasonable. Except for CrB1400 at 1 800 MPa

all materials have the highest hardness on the surface. This

increase follows from the cyclic loading of the discs. Mn13

shows a clear hardness gradient. In a depth of 3 mm the

bulk hardness of Mn13 amounts to about 235 HV. In a

depth of about 1.5 mm the hardness starts to stabilize.

Consequently, the first 1.5 mm are affected by the cyclic

rolling contact load. In this region the twinning process leads

to the increased hardness. The maximum measured micro

hardness value is about 575 HV directly below the surface

of the Mn13 disc in Figure 8b.

Since it is difficult to position the micro-indenter near

the surface, nano-indetation hardness measurements are per-

formed to verify the surface hardness. Therefore, higher res-

olution of the hardness distribution near the surface is avail-

able. An example how the nano-indentation measurements

are performed is given in Figure 9. Within the red marked

50 𝜇m x 50 𝜇m square, a 10 x 10 array of indentations is

visible. The indentations are placed as close as possible to

the transition zone of bakelite and specimen. The specimen
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Figure 6: Exemplary representation of the analyzed disc
section.Will be redrawn!

Table 4
Results of the nano-hardness measurements.

Material Contact Indentation Surface
pressure force hardness
[MPa] [𝜇N] [HV]

R400HT 1 400 3 000 1 019
R400HT 1 800 3 000 1 049
Mn13 1 400 3 000 927
Mn13 1 800 3 000 958
CrB1400 1 400 5 000 968
CrB1400 1 800 5 000 948

is mounted in the bakelite. The evaluated nano-hardness

values correspond to the data point that is closest to the

surface.

In Table 4 the results are summarized. The highest sur-

face hardness is reached by R400HT. Since R400HT shows

slightly less wear this correlates with the hardness measure-

ments. However, all hardness values are in a similar range.

Except for CrB1400, the surface hardness of all materials

increased with the contact pressure, which correlates micro-

hardness measurements represented in Figure 8.

4. Discussion

The results indicate that R400HT and CrB1400 exhibit

lower wheel and rail wear rates compared to Mn13. This

suggests that R400HT and CrB1400 demonstrate superior

wear resistance under the specified test conditions. More-

over, the wear rate of Mn13 increases significantly with the

contact pressure. Previous studies emphasized the poten-

tial and equivalence of Mn13 crossings to other materials

[5, 42, 43]. In addition to the disparate load conditions

between a crossing application and a twin-disc test, several

potential explanations for these elevated Mn13 wear rates are

presented.

4.1. Differences in the wear behavior
As outlined by Bolton and Clayton [33], the presence of

large and thin flakes is indicative of their so-called type I

rolling-sliding wear, also known as mild wear. This type

of flake is formed by a ratchetting process, whereby plastic

deformation leads to the formation of shallow cracks and

subsequent material removal. These kind of cracks are ev-

ident in the R400HT and CrB1400 samples, as illustrated in

Figure 7. Moreover, Figure 4 and Figure 5 demonstrate the

presence of large and thin flakes in all samples. However,

since Mn13 does not indicate shallow cracks or a comparable

deformation layer, this indicates that a different wear mech-

anism is at play. This is evidenced by the observation that

Mn13 shows almost no deformation, especially at 1 800 MPa

(Figure 7d), which suggests that ratchetting did not occurr

and consequently flakes might not be formed. Given inability

to distinguish debris between rail and wheel material, it is

possible that the ER7-Mn13 flakes shown in Figure 4 and

Figure 5 are, in fact, mostly ER7 flakes. Based on these

observations, the austenitic Mn13 appears to have a different

damage mechanism in comparison to pearlitic R400HT and

bainitic CrB1400. It is likely that the Mn13 experiences wear

via a more typical mechanism, such as adhesive or abrasive

wear. These mechanisms are significantly affected by the

contact force, which explains the higher wear observed at

1 800 MPa compared to 1 400 MPa, see Figure 3.

The T𝛾/A numbers, which give an indication of the energy

within the contact, are calculated for all test conditions and

at each time the experiments are stopped. T refers to the

tangential force in the contact, 𝛾 is the dimensionless slip and

A marks the contact area. The values show little variation

and are between 1.0 and 1.9 N/mm2 for all performed twin

disc tests. It can be reasonably assumed that similar T𝛾/A

values would lead to comparable wear results for the same

material combination, despite differences in the conditions

(load and slip) employed to generate these results [37]. This

is evident in the case of CrB1400 and R400HT, where the

wear rates exhibit minimal variation between 1 400 MPa and

1 800 MPa. Conversely, for Mn13, this is not the case, which

again highlights a distinction in the wear mechanism.

4.2. Influence of material hardness
According to the most frequently used Archard wear

equation, the wear depth Δ𝑧 follows from Equation 1:

Δ𝑧 = 𝑘
|𝑠|𝑝

𝐻
(1)

where 𝑘 is the wear coefficient, 𝑠 is the sliding distance,

𝑝 is the contact pressure and 𝐻 is the material hardness.

According to this wear law, the amount of wear is inversely

proportional to the material hardness. In summary, harder

materials tend to result in less wear. Considering that Mn13

has an initial hardness that is approximately half that of

R400HT or CrB1400, the higher rail wear rates at 1 400 MPa

in Figure 3a appear reasonable. The rail wear rate of Mn13

after 50 000 cycles is twice that of the other materials,

in accordance with Archard’s wear law. It is important to
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Figure 7: Images of cross-sectionally cut and etched rail discs obtained using a light microscope. The metallographic characteristics
of the samples are marked.
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1 400 MPa 1 800 MPa

(a) (b)

Figure 8: Hardness measurements analyzed over the depth after 50 000 cycles. Subőgure (a) accounts for a contact pressure of
1 400 and (b) for 1 800 MPa, respectively.

Figure 9: Example for the performed nano-indentation hardness measurements for CrB1400 at a contact pressure of 1 800 MPa.
The brighter region at the top of the left image shows the bakelite, where the specimen is mounted in. The red marked square
has a size of 50 𝜇m x 50 𝜇m. Within this square a 10 x 10 array of nano-indentations is performed. The right diagram shows the
hardness evaluation. The black dotted line represents the transition to the bakelite.

note that Mn13 crossings are typically pre-hardened with

EDH. Manganese crossings that undergo EDH hardening

can achieve hardness values within the range of the R400HT

and CrB1400, as evidenced by research [11]. It is therefore

anticipated that the rail wear rate at 1 400 MPa will decrease

and fall within the range of R400HT and CrB1400. Con-

sequently, EDH is advised for Mn13 crossings in order to

achieve comparable hardness. Nevertheless, to date, there is

no evidence of EDH processing of twin disc specimens. For

an applied contact pressure of 1 800 MPa, it appears that the

difference in wear mechanisms has a greater influence on

the wear behavior than the material hardness. However, it is

assumed that a higher initial hardness would also result in a

decreased wear rate at higher contact pressures.

As stated by Lewis et. al. [23], the wheel wear rate increases

with the rail hardness only when the rail is softer. Since

the initial hardness of Mn13 is lower than that of ER7,

the increasing hardness due to the TWIP work hardening

process of Mn13 could result in an elevated wheel wear

rate. However, the authors believe that the difference in wear

mechanism is the main reason for the significantly higher

wear rates.

Although the surface hardness of all rail discs are compara-

ble after 50 000 cycles, it is unclear, at which cycle number

this hardness is reached, especially for Mn13. Figure 3a

and c show that the rail and wheel wear rates of Mn13

stabilize after 30 000 cycles. This may indicate that the

twinning process reached saturation at a surface hardness

S. Gapp, et. al.: Preprint submitted to Elsevier Page 10 of 12

S.Gapp
Hervorheben



Wear behavior of advanced crossing materials

level that is comparable to R400HT and CrB1400. How-

ever, for Figure 3b and d the wear rates of Mn13 do not

stabilize. Therefore, the full work hardening potential at

1 800 MPa is not yet reached, as stated in [23]. Consequently,

as mentioned in the introduction, the different hardening

mechanism may be an additional factor contributing to the

observed differences in wear behavior.

The measurements of surface hardness obtained through

micro- and nano-indentation techniques yield disparate re-

sults. As described by Qian et. al. [44], this phenomena is

a so-called scaling effect. The reason is that metals show

strong indentation size effects. Determining the significance

of Mn13 surface hardness is challenging due to the lack of

clarity regarding the number of cycles required to achieve

the measured surface hardness.

4.3. Influence of wear transition
Figure 3 illustrates that, with the exception of Mn13 at

1 800 MPa, the wear rates of the driving wheel discs are

higher than those of the driven rail discs. Hu et. al. [39]

compared the wear rates of driving and driven discs and

found that driving discs exhibits higher wear rates, which

is consistent with the results presented in Figure 3. This

indicates, as previously stated, that mild wear is dominant.

However, this does not apply to Mn13 at 1 800 MPa. Due

to the significant increase in the wear rate of Mn13 from

1 400 MPa to 1 800 MPa, a transition from mild to severe

wear may have occurred. Accordingly, the prevailing tenet

that comparable T𝛾/A values should result in comparable

wear rates and wear regimes [37], does not appear to be

applicable to Mn13.

5. Conclusion

Twin disc tests have been performed for advanced rail

materials used in crossing applications. The test results

indicate that the fine-pearlitic R400HT has the highest wear

resistance compared to the other materials tested. The wear

rates of bainitic CrB1400 are slightly higher than those of

R400HT. This suggests that R400HT and CrB1400 demon-

strate superior wear resistance under the specified test con-

ditions. The wear behavior of the austenitic Mn13 differs

quite significantly from that of the high-strength steels due

to its low initial hardness and a distinctive wear mechanism.

At a contact pressure of 1 800 MPa, Mn13 may have been

subjected to severe wear, whereas the other tests were con-

ducted in the mild wear regime. It is obvious that differences

exist between twin disc tests and real crossing applications,

see [20]. The authors assume that EDH has a positive in-

fluence on the wear resistance of Mn13. Consequently, it

is recommended that Mn13 crossings are pre-hardened by

EDH, given the high contact pressures that are likely to occur

in such crossings. However, since uncertainties remain about

the wear mechanism in the austenitic Mn13, further research,

such as the analysis of the running surface, is suggested.
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