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A B S T R A C T   

Additive Manufacturing (AM) has been considered as a promising method for repairing rails and extending their 
service life. In this work, the wear rates of twin-disc specimens produced through laser additive manufacturing 
against ER7 material are studied applying creepages from 0.4 % to 2.6 %. The approved E11018-G electrode 
material is atomised and fully cladded into twin-disc rail specimens by Laser Powder Directed Energy Deposition. 
After the weight loss tests at 1400 MPa, experimental results are fitted with the theoretical adhesion curve 
modifying FASTSIM coefficients. This adhesion curve is employed to numerically calculate the slip contact area 
of each test. A non-linear correlation has been found and defined between wear and the slip area including the 
non-linear zone. This relationship is identified for tribochemical wear for low creepages and delaminative wear 
for middle and high creepages by surface and metallographic characterisation. The obtained results allow to 
predict the wear of the additively manufactured E11018-G repair material under wheel-rail contact conditions 
when the slip area is known.   

1. Introduction 

Railway tracks are subjected to different degradation mechanisms 
like rolling contact fatigue (RCF) and wear on rails due to vehicle-track 
interaction. The apparition of defects, that could potentially represent a 
safety hazard, requires maintenance tasks with a great impact on the Life 
Cycle Cost. To extend the lifespan of rails and prevent the rail replace
ment, localized repairs of defects are typically performed by traditional 
welding techniques. Currently, Shielded Metal Arc Welding (SMAW) 
stands as the most used technology for repairing rail defects [1,2]. 
Although the weldability of rails with approved materials has been 
investigated [3], no studies are found in characterising the wear of the 
repairs. 

For the last decade, the use of Laser Powder Directed Energy Depo
sition (LP-DED) has been studied as an alternative for rail restoration 
due to its benefits, including its low substrate heat affection and the 
eliminations of human error in repairs via process automation [4]. Lewis 
et al. [5–7], investigated the wear rate of several powders deposited 
using LP-DED on R260 and R200 rail grades. Their findings demon
strated that special alloys such as Stellite 12 and MSS alloys provided 
superior wear resistance compared to the parent R260 and R200, 

demonstrating the feasibility of LP-DED technology. Although there are 
many studies evaluating the wear of laser cladding on railway rails and 
wheels [8–11] to the best of the authors’ knowledge, no other research 
exists on determining wear rates of approved electrodes or materials for 
rail repair, such as the E11018-G. This research gap is significant given 
its pivotal role in comprehending the potential longevity of a rail repair. 
The wear rate study of approved materials manufactured by LP-DED will 
allow the progress, in the development and implementation, of this 
technology in the railway sector. 

In wheel-rail contact, wear is not only related to the normal load 
between rolling solids but also to the shear stress at the contact and the 
slip. Creepages, the kinematical deviation from the pure rolling motion, 
are null at full-stick contact and no wear occurs. In railway dynamics, 
very low creepages are observed, approximately 1 % in sharp curves. 
According to the literature, creepages are considered low up to 2–3% 
[12,13]. Two types of models are used in the literature for the assess
ment of wear [14]. On the one hand, sliding models, in which the vol
ume of wear is proportional to the sliding distance and normal force and 
inversely proportional to the material hardness. This is known as 
Archard’s wear model [15,16] which can be recalibrated to predict 
wheel and rail profile change [17,18]. On the other hand, energy 
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transfer models assume wear loss as a function of the energy dissipation 
in the contact patch [19,20]. According to Al-Maliki et al. [21], wear 
rates can be also defined by some parameters of the material, the 
maximum traction pressure, and the depth of the damaged layer. To 
calculate the contact patch considering a three-dimensional problem 
FASTSIM, the numerical implementation of Kalker’s simplified theory 
[22], is widely used for dynamic simulations. Once the contact patches 
and the wear volume are known, worn wheel or rail profiles can be 
calculated by numerical techniques [23,24]. 

The main objective of this work has been to study the wear rates of 
LP-DED specimens made using powder grade E11018-G electrode ma
terial against discs of ER7 material. First, weight loss measurements as a 
function of creepage on twin-disc set-up and the adhesion curve on a 
scaled test bench are obtained. After twin-disc cycles wear mechanism is 
investigated by surface and metallographic characterisation. Then, a 
tribological model is developed considering wear rates at full slip con
ditions from the weight loss raw values using a modified FASTSIM al
gorithm. Next, a discussion of the results is presented. Finally, the last 
section presents the most relevant conclusions of this paper. 

2. Experimental procedures 

The experimental procedures consist of three different parts: prepa
ration of materials and specimens, twin-disc tests for 8 pairs of discs to 
obtain weight loss measurements and an additional test on a scaled test 
bench with larger specimens to obtain the adhesion curve of the LP-DED 
cladded material. 

2.1. Material and specimens 

The twin-disc wheel specimens were cut from an ER7 wheel, while 
rail specimens were obtained from LP-DED cladded C45 bars using 
powder grade E11018-G electrode as filler material. From now on, twin- 
disc wheel and rail specimen will be known as ER7 and LP-DED speci
mens respectively. The scaled test bench rail specimen was obtained by 
cladding same powder material into a C45 scale bench disc. Fig. 1 shows 
the manufactured twin-disc and scaled test bench LP-DED specimens 
before machining while Fig. 2 shows a schematic diagram of both rail 
discs after machining for testing. 

The chemical composition of ER7 and LP-DED specimens and the rail 
base material (C45) is shown in Table 1. The chosen E11018-G electrode 
is a special material for repairing R260 grade rails commercially known 
as OK75.75 [25]. The resurfacing of rails is normally done by SMAW 
following the guidelines of the American Welding Society on isolated 

defects such as wheel burn, squats, shelling, or superficial head checks 
[26]. Experimental atomisations of the E11018-G material were per
formed at CEIT facilities in a small-scale research atomisation unit (PSI 
model HERMIGA 75/3VI). Rail specimens were prepared using a 
custom-made LP-DED cell at CEIT. The powder was deposited on the 
C45 bar and scaled test bench disc using a 4-kW laser (IPG Photonics) 
with a wavelength of 1070 nm. The powder flow rate was supplied by an 
Oerlikon Twin 150 powder feeder using argon as carrier and shielding 
gas. The LP-DED head was a Kuka MWO-I Powder with motorized optics 
(adjustable laser spot size from 1.0 to 4.8 mm) and a 3-jet nozzle. A 
6-degree-of-freedom Kuka robot was used to move the LP-DED head. The 
bar and the scaled test bench disc were fixed to a positioner with 2 de
grees of freedom. 

As shown in Fig. 3, the ER7 wheel material has a ferrite-pearlite 
microstructure while LP-DED rail material has a pure ferritic 
microstructure. 

Fig. 1. Manufactured LP-DED specimens before machining for (a) fully cladded twin-discs and (b) fully cladded scaled test bench.  

Fig. 2. Schematic diagram of LP-DED specimens after machining for (a) fully 
cladded twin-disc and (b) fully cladded scaled test bench. 

Table 1 
Chemical composition of the specimens and rail base material (%wt).   

C Si Mn P S 

Wheel (ER7) 0.52 0.31 0.79 0.010 0.002 
Rail (LP-DED) 0.05 0.36 1.60 – – 
Rail base material (C45) 0.45 0.40 0.70 0.045 0.045  
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2.2. Weight loss measurements 

Wear testing was performed on the UPV (Universitat Politècnica de 
Valencia) twin-disc tester whose design is based on “SUROS” machine 
[27] of The University of Sheffield. It is based on two electric drives that 
transmit a direct rotary motion to both discs. A pneumatic actuator, 
connected to a load cell, applies a normal load between the two discs. A 
torque transducer measures the side of the rail specimen. Consequently, 
the tangential force between discs is calculated with the known radius of 
the rail specimen. The relationship between the tangential force and the 
normal force, acquired from the load cell, provides the traction coeffi
cient at each time step. A schematic representation of the machine can 
be seen in Fig. 4. 

Flat surfaces in the lateral direction are recommended for twin-disc 
wear damage tests, even though real wheel and rail profile have 
crowned surfaces [28]. In this way, the contact area remains practically 
constant with the wear of the disc surfaces, avoiding changes in contact 
pressure for the same normal load. Fig. 5 shows the assembly of discs, 
where the LP-DED rail specimen is 8 mm wide and the ER7 wheel 
specimen is 15 mm wide. Differences in width ensure proper contact 
between the samples during the experiment, and a constant contact 
width of 8 mm can be considered. To obtain robust and reliable results, it 
is essential to properly define the twin-disc test set-up. In the present 
study, the LP-DED and ER7 specimens act as the driven and the driving 
discs, respectively. The creepages are reached by accelerating the 
driving disc to simulate an acceleration situation. 

Table 2 contains the parameters of different tests, in which normal 
pressure and linear speed remain constant. The table includes the radio 
of each specimen (R1 and R2), the applied normal load W to achieve the 
desired maximum normal pressure Po, and the corresponding average 
value Pavg. Additionally, the contact area A between the specimens for 
each test is provided. 

As an example of a twin-disc test, Fig. 6 shows the traction coefficient 
during the four stages tested at 2.00 % of creepage. These steps are for 
10, 30, 50 and 70 kilocycles. Before testing and after each step, both 
discs were cleaned by brushing with ethanol, dried and weighed using a 

balance with an accuracy of 0.1 mg. At the beginning of each stage, some 
cycles (for this case, the first 7000 cycles) are necessary to reach a stable 
value. The first running-in stage, in which the change in the traction 
coefficient is more evident, is just of 10 kilocycles. At this stage, it is 
necessary to remove the outer layer and promote the surface and sub
surface changes that will accompany both discs through the rest of the 
test (such as hardening, subsurface deformation, surface oxidation and 
crack initiation). Although generally three stages are performed to reach 
50 kilocycles, two tests were performed up to 70 kilocycles to confirm 
the wear trend. 

The weight loss (WL) of LP-DED and ER7 specimens is shown in 
Fig. 7. Generally, the slope increases with both the creepage value and 
the number of cycles. The WL obtained for ER7 material is lower than 
the obtained with LP-DED material. Note that for ER7 at 2.6 % creepage, 
there is an offset for one of the pairs (used previously in another test) due 
to the first stage of 10 kilocycles and then the slopes are similar for the 
same creepage value. 

From WL values, the wear rate K is calculated as 

K=
WL

d • A
. (1)  

where A is the total area of the contact patch and d is the travelled 
distance according to the number of cycles and the perimeter of speci
mens. Fig. 8 shows K values against the wear index (defined as Tγ/A) of 
both materials. For this assessment, the WL values for 10 kilocycles are 
excluded and the WL between stages of 20 kilocycles are considered. The 
feature of this comparison is that, in laboratory tests, different loads, 
friction coefficients and bodies shape configuration could provide the 
same wear rate for the same Tγ/A values. Nevertheless, as proposed by 
Butini et al. [29] laboratory test results should be scaled to be applied to 
real scenarios using an experimental law [30]. In the present work, 
LP-DED specimens show a higher wear rate than the ER7 material. 

Fig. 3. Microstructures of tested materials. (a) Wheel (ER7). (b) Rail (LP-DED).  

Fig. 4. Scheme of the twin-disc test machine. 1: Servomotors; 2: Bearings; 3: 
Double cardan joint; 4: Sliding table; 5: Hydraulic cylinder; 6: Load cell; 7: 
Torque and rotational speed transducer; 8: Test discs. 

Fig. 5. Discs assembly. A: Shafts, B: positioning discs, C: test discs, D: washer 
discs, E: bolts, and F: shaft key. 
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Moreover, the wear rates of LP-DED specimens are around 4 times 
higher than the values shown in the literature for R260 grade rails [31]. 
Compared with other clad materials this electrode material should be 
classified in the third group according to Lewis et al. [32]. Wear is in
fluence by the choice of which disc acts as the driving or driven disc, or 
whether braking or acceleration conditions are being simulated [33]. R. 
Lewis et al. [34] reported that for the R7/900A pair material, the driving 
disc wears the most and is the one on which debris adheres during a 
twin-disc test. Although for conventional materials, specimens acting as 
driving discs (ER7) may exhibit the highest wear rates, microstructural 
differences (see Fig. 3) between the two materials could be the cause of 
this difference, with the driven discs (LP-DED) experiencing the highest 
wear rates. 

2.3. Adhesion curve 

The adhesion curve obtained with twin-disc tests differs from a real 
scenario due to the shape and dimensions of the specimens. Scaled test 
benches enable experimental characterisation of the wheel-rail contact 
problem. The scaled test bench designed by Alonso et al. [35] at CEIT 

Table 2 
Parameters of each tested condition.  

Creepage 0.4 % 0.4 % 1.5 % 1.5 % 2.0 % 2.0 % 2.6 % 2.6 % 

Test 1 2 3 4 5 6 7 8 
R1 LP-DED (mm) 22.12 22.12 22.12 21.12 21.12 21.12 22.12 22.12 
R2 ER7 (mm) 17.5 17.5 17.5 16.5 16.5 16.5 17.5 17.5 
W (kN) 4.14 4.14 4.14 3.93 3.93 3.93 4.14 4.14 
A (mm2) 3.76 3.76 3.76 3.57 3.57 3.57 3.76 3.76 
Pavg (GPa) 1.10 1.10 1.10 1.10 1.10 1.10 1.10 1.10 
Po (GPa) 1.40 1.40 1.40 1.40 1.40 1.40 1.40 1.40  

Fig. 6. The whole traction coefficient for all stages of the 2.00 % longitudinal creepage test.  

Fig. 7. Weight loss obtained from twin-disc at tested creepages for (a) LP-DED and (b) ER7 materials.  

Fig. 8. Wear rates against the average Tγ/A of tested creepages.  
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can assess the influence of lateral creepage and spin. The main drawback 
of these benches is that, due to their size, it is difficult to obtain samples 
of real wheels and rails. In order to obtain the adhesion curve, in this 
work, this test bench was used with a scaling dimensional factor of 1/5 
(see Fig. 9). Therefore, an equivalent normal load 25 times lower is 
applied to obtain an elliptical contact path with the same aspect ratio as 
a real one. In this way, the normal pressure (and surface tractions for a 
tested creepage) reach the same values as in a real scenario. 

The disc used as rail in the scaled test bench (see Fig. 9) was coated 
by LP-DED (see Fig. 1) and lathed with a curved shape in the transversal 
direction. Fig. 10 shows the values of the traction coefficient obtained by 
calculations (using the FASTSIM algorithm [36,37]), by a test performed 
in 2021 and by the test performed within this research work using the 
LP-DED material. 

The experimental adhesion curve with LP-DED material is equivalent 
to that expected with a conventional material. Therefore, the tangential 
forces should be similar if the creepage is the same. 

3. Wear damage characterisation 

As a means of comparison, twin-disc wear damage characterisation 
was performed on specimens tested after 50k cycles. The surfaces and 
internal microstructure characterisation of the LP-DED and ER7 speci
mens subjected to 0.4 %, 1.5 % and 2.6 % creepages is done as follows. 

3.1. Surface analysis 

Photographs and SEM micrographs of specimens worn surfaces are 
shown in Fig. 11 and Fig. 12. 

The rail and wheel discs tested at the lower creepage (0.4 %) present 
a reddish tone (Fig. 11 (a) and (b)), due to an oxidative wear process 
confirmed by EDS analysis (Fig. 13). This oxidative tribochemical wear 
process is expected in this creepage regime for conventional wheel and 
rail materials [38]. 

Medium creepage condition specimens (1.5 %) exhibit cracks, 
peeling and spalling wear damage (Fig. 12 (c) and (d)). The surfaces of 
the specimens tested under 2.6 % of creepage are the most damaged 
among all. LP-DED specimen exhibits numerous surface cracks, whereas 
the ER7 specimen shows fewer but larger cracks (Fig. 12 (e) and (f)). In 
all creepage condition, LP-DED specimens present a more damage sur
face than their ER7 counterparts. 

3.2. Microstructural analysis 

Internal microstructural characterisation is performed to evaluate 

the depth and the extent of damage of twin-disc tested specimens. Cross 
sections of the specimens were cut in the direction parallel to the rolling 
movement. Each section was mounted in conductive resin, polished to 1 
μm diamond and etched with 2 % nital to be observed under optical and 
SEM microscopes. 

Fig. 14 shows the optical micrographs of specimens near the contact 
surface after twin-disc test. For all specimens, the depth of microstruc
tural deformation increases with the tested creepage. The LP-DED 
specimens show deeper plastic deformation than their ER7 counter
parts. The ferritic microstructure of LP-DED specimens shows a higher 
deformation due to the low yield strength of the ferrite. This observation 
is consistent with microhardness profiles shown in Fig. 15, which pre
sent a deeper hardening for the ferritic structure of the LP-DED speci
mens. The hardness of specimens before the tests is observable for 
surface distances greater than 0.7 mm (~275 HV03 for ER7 and ~250 
HV03 for LP-DED), where specimens are not affected by the tested 
creepages. The difference in hardness of specimens influences the ob
tained wear rates. The plastic deformations and hardness profiles are in 
accordance with those presented by other authors tested in similar 
conditions [39–41]. 

Fig. 16 illustrates the microstructure at higher magnification of the 
LP-DED disc tested at 1.5 % of creepage. It shows the microstructure 
evolution from the surface to the inside of the LP-DED specimen. Very 
close to the surface, a fine ferrite microstructure is observed (see Fig. 16 
(b) and (c)). In the middle zone, a tilted and moderately deformed ferrite 
microstructure is found (see Fig. 16 (d) and (e)). In the innermost zone of 
the disc, the undeformed ferrite microstructure can be seen (see Fig. 16 
(f) and (g)). After twin-disc deformation and grain refinement, a fine 
ferritic microstructure is generated [42], which will undergo the wear 
mechanisms. Same microstructural evolution is found in the LP-DED 
specimen tested at 2.6 % creepage. 

Cross-sections corresponding to the twin-disc specimens examined 
under scanning electron microscopy are shown in Fig. 17. LP-DED and 
ER7 specimens tested at 0.4 % of creepage show surface oxidation and 
no cracks (Fig. 17 ((a) and (d)). Internal spherical micro-oxides due to 
the manufacturing process are only observed in the LP-DED specimen. In 
contrast, the LP-DED and ER7 specimens tested at 1.5 % and 2.6 % 
creepage show a higher damage state (Fig. 17 ((b-e) and (c-f)). The 
observed wear mechanisms are different for ER7 and LP-DED specimens. 

The LP-DED specimens show surface parallel cracks, debris and in
ternal micro-oxides (Fig. 17 (b) and (c)). The cracks propagate parallel 
to the surface through the refined ferrite microstructure (Fig. 18). The 
fracture of these cracks shown in Fig. 17 (b) and (c) is the cause of the 
peeling and spalling previously shown in Fig. 12. As can be seen in 
Fig. 19, the internal micro-oxides act as crack propagation points, 

Fig. 9. Scaled test-bench picture at Ceit facilities [35].  

Fig. 10. Adhesion curve test at 250 rpm and a target normal load of 3.6 kN 
using braking torque. 
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increasing the wear of studied specimens [43]. Fig. 20 (a) shows flakes 
from LP-DED specimen forming surface debris after compact. As ex
pected, EDS analysis shown in Fig. 20 (b) confirms that debris are highly 
oxidized [41]. Fig. 21 (a) shows a semi-continuous surface layer of 
debris, which degrades as twin-disc cycles continue (see Fig. 21 (b)). 

In contrast, the ER7 specimens tested at 1.5 % and 2.6 % of creepage 
only show surface and sub-surface cracks (Fig. 16 (e) and (f)). Fig. 22 
shows how cracks propagate into the material and then runs parallel to 
the surface of the disc. After several cycles, the material above fractures 
resulting in the material ejection from the wheel surface. When the 
ferrite-perlite microstructure of the ER7 specimens deforms, the ferrite 
shapes to soft ferrite lines while the pearlite breaks. Cracks preferen
tially initiate and develop along the ferrite lines because of their low- 
stress limit. This wheel wear mechanism is consistent with studies 
publish by H⋅H.Ding et al. [39,40]. 

Summarizing, the following mechanism were found after twin-disc 
specimen characterisation.  

⁃ Oxidative wear in LP-DED and ER7 specimens tested at 0.4 % 
creepage.  

⁃ Deep cracks that after certain penetration run parallel to the disc 
surface specimens tested at 1.5 % and 2.6 % creepage. 

Fig. 11. Photographs of surface appearance of rail and wheel discs at the end of 50000 cycles preformed with different creepages.  

Fig. 12. Superficial SEM micrographs of rail and wheel discs at the end of 50000 cycles performed with different creepages. 500× Initial magnification (0.4 % 
creepage) and 200× Initial magnification (1.5 % and 2.6 % creepages). 

Fig. 13. SEM-EDAX analysis. 0.4 % creepage rail specimen. 250×
magnification. 
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⁃ Delaminative wear, consisting of cracking, peeling, and spalling with 
the contribution of debris and internal oxides in LP-DED specimens 
tested at 1.5 % and 2.6 % creepage. 

This is in agreement with the wear rate (K) observed in Fig. 8, in 
which LP-DED specimens wears more than their ER7 counterparts. 

4. Wear rates at full slip 

In this section, the wear rates of twin-disc test are assessed for 
different creepage values, considering the area slipping in the contact 
patch. For that purpose, as proposed in Ref. [41], the variant of wear 
rate is employed using the slipping area Aslip defined as 

Kslip =
WL

d • Aslip
. (2) 

The contact conditions from the different creepages values tested, 
such as the total contact path area A and the Aslip/ A ratio, can be ob
tained solving the tangential contact problem. The analytical adhesion 
curve can be obtained from tests performed by modifying the c11 coef
ficient of the FASTSIM algorithm [37]. The Kalker coefficients cij used to 
solve the tangential problem depend on the axis ratio of an elliptical 
contact path, but in the case of these twin-disc tests the path is rectan
gular instead of elliptical. The coefficients c22, c33 and c23 are related to 

lateral creepage and spin, and therefore should not be fitted. 
Although twin-discs machines are widely employed for wear char

acterisation, these are not as accurate as required for low creepages. The 
real creepage tested differs slightly from the reference value due to the 
sensitivity of angular speed measurement. This value is calculated from 
angular speeds w and radii ratio of both specimens according to 

γ =
w1 − w2

R2
R1

0.5
(

w1 + w2
R2
R1

) . (3) 

Fig. 23 shows that this effect has great importance when very small 
creepages are considered. For a constant rotational speed of rail spec
imen of 416 rpm measured with a sensitivity of 0.20 rpm, the error is less 
than 5 % for longitudinal creepage values higher than 2 %. The light 
blue dots show the error considered in the analytical calculation of the 
slipping area. In this manner, the c11 coefficient can be fitted for a unique 
friction coefficient at saturation μo. This assumption allows calculating 
Aslip values theoretically, which cannot be obtained by experimental 
methods. 

Fig. 24 shows the analytical adhesion curve used for the calculation 
of A and the Aslip/ A ratio for a creepage of 2.53 %. In addition to the 
fitting of the c11 coefficient, the theoretically tested creepages are 
scattered. This scattering is performed according to the creepage error, 
with the aim of reducing the value of the coefficient of determination R2 

Fig. 14. Optical micrographs of plastic deformation of (a–c) LP-DED and (d–f) ER7 specimens under different creepages.  

Fig. 15. Variation of microhardness as a function of the distance from the worn surface for (a) LP-DED cladded rail and (b) ER7 wheel.  
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for the curve obtained, reaching a value of 0.9989. 
Table 3 contains the calculated slipping area Aslip for each test car

ried out considering the scattered creepages. These values, obtained 

with the FASTSIM algorithm, are not proportional to the creepages, 
since the creepages tested are not only in the linear zone of the adhesion 
curve, but also in the non-linear zone. In order to improve the calculated 

Fig. 16. Optical and SEM micrographs of plastic deformation of 1.5 % creepage of the LP-DED specimen. (a) Optical micrograph. (b and c) SEM micrograph at the 
surface of the specimen. (d and e) SEM micrograph near the end of the deformed zone of the specimen. (f and g) SEM micrograph at the undeformed microstructure of 
the specimen. 

Fig. 17. FEG-SEM Micrographs of cracks in rail and wheel specimens. Cracks pointed with white arrows. 1000× Initial magnification.  
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value for Aslip/ A while neglecting the computational cost, the m x n 
elements of the mesh employed is of 100 x 100. 

Once the Aslip for each test is known, the Kslip value can be calculated 
for the WL differences obtained in the stages of 20 kilocylces. Fig. 25 
shows that Kslip, with an average value around 80 μg/(m⋅mm2), differs as 
a function of the creepage value. The obtained values for 1.5 % and 2.0 
% creepage are higher and with more deviation than for 0.4 % and 2.6 
%. Although raw WL values are higher with the creepage value, the 
influence of calculated Aslip makes this phenomenon, which is related to 
the observed wear mechanisms. 

5. Discussion 

Once the wear rates at full slip for different creepages are known, for 
a specific maximum pressure and friction coefficient, a fitted polynomial 
can be obtained considering the standard deviation. In this way, a Kslip 
value is calculated for any desired creepage value. The results of the test 
performed in this research using a third-degree polynomial are shown in 
Fig. 26. An upward trend is observed for Kslip values up to 1.5 % of 
creepage, and a downward trend from this value. Debris and internal 
oxides could affect the wear rates more intensely at the transition from 
tribochemical to delaminative wear. As creepage continues increasing 

Fig. 18. FEG-SEM Micrographs of the LP-DED specimen tested at 1.5 % creepage. (a) 250x and (b) 5000× of Initial magnification. Crack and crack propagation 
though ferrite microstructure. 

Fig. 19. FEG-SEM Micrographs of the LP-DED specimen tested at 1.5 % creepage. (a) 2000× of Initial magnification, crack propagation jumping through LP-DED 
oxides. (b) 5000× of Initial magnification, EDS point analysis of oxides and base metal. 

Fig. 20. FEG-SEM Micrographs of debris of the LP-DED specimen tested at 1.5 % creepage. (a) Debris formation due to delamination. (b) EDS analysis of 
observed debris. 
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from 1.5 %, its contribution to wear rates decreases and becomes 
negligible at 2.6 % of creepage. 

Wear of a wheel-rail contact patch can be calculated from the full slip 
wear rates obtained from several twin-disc test conditions. Creepages on 
wheel-rail contact can be obtained from multibody simulation packages 
for a certain friction coefficient. As tested adhesion curve obtained with 
a scaled test bench does not change, the original Kalker coefficients must 
be employed in the calculation. The normal pressure, the location of 
contact and the area of the slipping zone can be obtained as well. 
Therefore, calculating Kslip as a function of the creepage from fitted 

polynomials, knowing the normal pressure and the friction coefficient, is 
enough to obtain the wear rate at full slip by interpolations. Then, with 
the area of the slipping zone for wheel-rail contact, the wear prognosis is 
possible. Nevertheless, future research with measurements of a repaired 
rail installed on a railway track is required. 

6. Conclusions 

In this paper, the wear rate of twin-disc specimens manufactured by 
Laser Powder Directed Energy Deposition using powder grade E11018 
material is investigated. The E11018-G, commercially known as 
OK75.75, is a special material for repairing R260 grade rails and its wear 
determines the Life Cycle Cost of the asset. In wheel-rail contact, wear 
rate changes with creepages at contact and this must be considered to 
calculate accurately the most cost-effective solution for the reparation 
method. 

Experimental tests performed by twin-discs concluded that the 
weight loss of additively manufactured E11018-G material (LP-DED 
material) is up to 4 times greater than the conventional R260 when is 
subjected to different creepages. Regarding the adhesion curve obtained 
with a scaled test bench, the tangential force that can be obtained for 
each creepage is equivalent to conventional rail materials. 

The surface and metallographic characterisation have shown that 
low creepeages lead to oxidation phenomena in both specimens. How
ever, higher creepeages lead to delaminative wear, on the LP-DED ma
terial and to rolling contact fatigue processes on the ER7 wheel 
specimens. Debris and internal micro-oxides were found in the LP-DED 
specimens which influence the obtained wear rates. 

The wear rate at full slip can be calculated for a specific creepage 
value using a fitted polynomial according to the normal pressure and 
friction coefficient. As the adhesion curve does not change for LP-DED 

Fig. 21. FEG-SEM Micrographs of the LP-DED specimen tested at 1.5 % creepage. (a) semicontinuous layer of debris and (b) remains of ejected previous debris.  

Fig. 22. FEG-SEM Micrographs of ER7 specimen tested at 1.5 % creepage. (a) 250x and (b) 5000× of Initial magnification. Crack and crack propagation though 
ferrite-perlite microstructure. 

Fig. 23. Creepage error at nominal rail speed of 416 rpm for a sensitivity of 
0.2 rpm. 
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material, wheel-rail contact conditions can be obtained directly from 
multibody simulations without change the Kalker coefficients of the 
FASTSIM algorithm. Hence, the prognosis of the Life Cycle Cost, 
assuming a certain standard deviation, can be calculated using param
eters such as the creepage value and the slipping contact area for 
different track sections. 
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editing, Writing – original draft, Visualization, Investigation, Data 
curation, Conceptualization. F. Schiopetto: Writing – review & editing, 
Investigation. A. San Emeterio: Writing – review & editing, Supervi
sion, Investigation. F. Salas Vicente: Writing – review & editing, Su
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Table 3 
Slip area for different creepages with μo = 0.56 and c11 mod = 0.88  

Creepage 0.32 % 0.40 % 1.58 % 1.44 % 2.09 % 2.06 % 2.53 % 2.68 % 

Test 1 2 3 4 5 6 7 8 
A (mm2) 3.76 3.76 3.76 3.57 3.57 3.57 3.76 3.76 
Aslip/ A (− ) 0.01 0.02 0.22 0.19 0.33 0.33 0.42 0.45 
Aslip (mm2) 0.0376 0.0753 0.8282 0.6782 1.1779 1.1779 1.5812 1.6941  

Fig. 25. Wear rates at different creepages for 1400 MPa and a friction coeffi
cient of 0.56. 

Fig. 26. Fitted polynomial and standard deviation of wear rates at full slip for 
1400 MPa and a friction coefficient of 0.56. 
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