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A B S T R A C T   

With rail travel getting more popular more demands are being put on rail infrastructure. The wheel/rail contact 
is the one of the main parameters that is key to maintaining a high performing network. With increasing demands 
for higher loads and higher speeds, wear and rolling contact fatigue (RCF) are the main two problems. 

New maintenance techniques can overcome some problems, but new solutions that reduce the damage are 
needed. Laser cladding is one of the best methods for improving wear and RCF of rail steels by adding layers of 
more durable materials to the rail. 

In this article full-scale tests of clad layers have been carried out at realistic contact conditions to verify 
outcomes seen in twin-disc testing to see if the results can be scaled to predict field performance of clad layers. 
Martensitic Stainless Steel (MSS) and Stellite 6 were used for the clad layers and R260 was used as the base 
material. Un-clad R260 was used as reference material. 

Results of full-scale tests in terms of wear rates, sub-surface deformation, hardness and roughness evolution 
were comparable. This showed that the clad layers deposited on actual rail performed very well compared to un- 
clad rail and that the tests run at the small-scale were appropriate for predicting full-scale behaviour.   

1. Introduction 

Rail travel is getting more popular day by day. The rail network in 
the UK is ordinarily extremely busy as it is shared by freight and pas-
senger trains. The increasing population of the passengers who are using 
rail travel is leading to more trains with greater loads and increasing 
train speeds which is leading to more severe wheel/rail contact. This can 
cause more wear and possibly rolling contact fatigue (RCF). Wear and 
RCF can cause rail failures and the need for rail replacement or repair 
across different railway track components such as plain line, insulated 
block joints (IBJ) or switches and crossings [1]. RCF can be seen in 
various forms such as: shelling, head checks, corner-gauge crack and 
flaking, these defects are caused by initiation of cracks and their prop-
agation in the rail material. Left untreated these surface-initiated cracks 
could cause failure of rail and even derailment [2,3]. 

Maintenance is expensive and must be planned carefully to minimise 
disruption to the network as engineering work requires track closure, 
reducing capacity. Extending the life of the rail can help sustainability 
and reduce the costs associated with rail replacement. New materials are 
being developed and new processing techniques are being used to in-
crease the lifespan of rail. Surface treatments including case hardening, 

peening and surface coatings can be used to improve wear and RCF 
performance of rail materials. 

The deposition of a surface layer of premium material with benefits 
such as wear and rolling contact fatigue resistance, higher yield strength 
and less susceptibility to plastic deformation is a desirable method to 
increase the durability of rail whilst retaining the cost and strength 
advantages of bulk rail steels. Additive manufacturing with laser clad 
coatings can be used for adding premium materials to a standard grade 
substrate material. Laser cladding can enhance rail durability; the pro-
cess can be used with a choice of rail materials dependent on required 
properties or position in track providing beneficial opportunities for rail 
improvements [4,5]. 

In the cladding process (illustrated in Fig. 1), while a cladding ma-
terial is added to the surface of the substrate, a high energy laser is 
passed over that surface. The laser melts the surface of the substrate 
material and the coating material successively and welds them together. 
When the laser beam creates a melt pool, powder is injected into the pool 
and the particles melt and a single track of the clad is created. This 
process can be repeated for a second layer over the first layer of clad 
material so large thicknesses can be built-up if required [3,4,6,8]. 

Prior to field testing, a series of small-scale tests were required to 
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complete the understanding of the process capabilities and answer 
safety questions. Research in small scale, additive manufacturing with 
laser clad coatings has previously shown promising results in laboratory 
tests for reducing wear in rail and extending rail life. Laser clad rail 
specimen tests showed improved properties than normal grade rail 
specimens on small-scale twin disc tests. Bending tests were conducted 
in previous research for MSS clad on a R260 rail substrate. After the four- 
point bending tests, it was found that MSS clad over R260 rail did not fail 
within 5,000,000 cycles in tested carried out with a 350 MPa stress 
range which is much higher than the standard requirements for fatigue 
strength of about 230 MPa [10]. Martensitic Stainless Steel (MSS) clad 
and Stellite 6 clad in particular have been shown to have a lower wear 
rate and higher RCF resistance than R260 standard grade rail specimens 
[9]. In another study of MSS clad rail discs and unclad R260 rail discs in 
small-scale laboratory tests it was shown that cladding onto a lower 
grade rail (in this case R200) the same benefits in terms of wear and RCF 
resistance were achieved [10]. Furthermore, other RCF tests showed 
R260 grade rails failing around 15,000 small scale twin disc cycles, 
whereas Stellite 6 clad rail disc did not show any failure signs at over 50, 
000 cycles [4]. In fact, this was subsequently shown to still be the case 
after 400,000 cycles [11]. 

There are more small-scale tests that have shown improved wear and 
RCF performance on clad rail discs. Research has mainly been focused 
on cladding new rail, but repair has been considered [1,11–13]. Mostly 
researchers have investigated the application of harder materials. Only 
one study has used a like-on-like material approach, which shows much 
greater benefits [13]. Alongside testing commercial materials, new mi-
crostructures have emerged in small scale testing [14,15]. Tools have 
been also developed for layer design, for example, for determining layer 
thickness [16] and plasticity [17]. 

There are only a few studies on full-scale tests for laser clad rail 
performance. Laser cladding of the rail still needs more actual wheel and 
rail tests to simulate real operating conditions using the full-scale 
component geometries in laboratory and field tests to give the railway 
industry confidence that the process is viable. Some initial work has 

been carried out looking at material flow at Insulated Block Joints [1] 
and field testing of clad layers to protect the heat affected zones around 
welded joints [18], but more is needed on wear properties. 

The aim of this work was to carry out full-scale wear tests on clad 
layers applied to R260 rail material. MSS and Stellite 6 clad materials 
were chosen due to their high performance in small-scale wear and RCF 
resistance. The intention was to see if the same high performance could 
be achieved as it was in small-scale tests as the move is made towards 
field implementation. 

2. Experimental details 

2.1. Full-scale machine 

Fig. 2(a) shows a schematic diagram of the linear full-scale test 
machine used for the tests. For a cycle of a test, first vertical force is 
applied to load the wheel on the rail, then the rail is pulled under the 
loaded wheel using one horizontal actuator. At the same time, another 
actuator attached to a chain mounted on the wheel, pulls this so that slip 
in the contact can be achieved. That vertical load of the wheel can go to a 
maximum limit of 200 kN while the horizontal actuators have a limit of 
60 kN [1,19,20]. 

2.2. Specimens 

Pocket specimens were chosen to test the clad layers and R260 
reference material rather than cladding long lengths of rail material (see 
Fig. 2(b)). This meant it was easier to take measurements and analyse 
the specimens before and after testing. R260 is widely used rail in the UK 
so was the perfect choice for control and substrate for the clad layers. 
The chosen clad materials were MSS and Stellite 6 due to their higher 
performance in small-scale tribological tests and bend tests over other 
candidate materials [1,10]. 

Examined sections of the pocket specimens (see Fig. 3(a)) can be seen 
in Fig. 3(b)-i and Fig. 3(b)-ii showing the MSS and Stellite 6 clad layers 

Fig. 1. Powder injection laser cladding [4].  
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with 3 mm and 1.8 mm respectively. This difference was not planned but 
resulted from something that occurred during the pre-machining/ 
cladding/post-cladding machining process. The peak shear stress sub- 
surface for both specimens was within the clad layer so the difference 
thickness was not thought to have any effect on the differences seen in 
performance. After the cladding process, pocket specimens were ground 
to achieve that layer thicknesses. The etched part of the substrate shows 
the HAZ clearly. The un-clad R260 rail pocket specimen section can be 

seen in Fig. 3(b)-ii. 
The wheel is made from R7 steel and had a roughness of 1.4 μm, Sa. 

2.3. Test method and specimen analysis 

The pocket specimens were cleaned with acetone and weighed, then 
their profiles scanned (as described below) before the start of the test 
and recorded. After that pocket specimen inserted into the rail and then 

Fig. 2. Full-Scale test machine set-up: a) Schematic diagram of the full-scale wheel/rail contact rig; b) Pocket specimen inserting in the rail.  

Fig. 3. Pocket specimen sectioned parts: a) Examined surface of contact path; b) Clad layer dimensions and materials.  
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the pocket specimen surfaces were cleaned with acetone and left until 
dry. Then dry cycles were run until measurable wear was achieved on 
pocket specimen which occurred at 5000 cycles. After the 5000 cycles, 
the test rig was stopped, and wear debris of the pocket specimens were 
collected and then pocket specimens were taken out from the rail for 
examination. 

The pocket specimens were cleaned with acetone and immediately 
weighed again. Laboratory temperature and humidity were recorded 
before and after the test. The rail surfaces were examined using an op-
tical (non-contact) Alicona Infinite-Focus SL profilometer before and 
after the test. The profilometer provides high-resolution images and 3D 
surface profiles measurements with a vertical resolution of up to 10 nm. 
Surface roughness’ were determined from the Alicona scans. 

After that, pocket specimen profiles were measured using a Calipri 
profilometer and a Creaform HandyScan 3D laser scanner. Then pocket 
specimens were sectioned (Buehler Abrasimet 250), mounted (Sim-
plimet 1000), ground and polished (Buehler Automet 250 Pro). The 
specimens were etched for microstructure analysis. All specimens were 
etched first with %2 Nital etchant to examine the R260 substrate and 
HAZ regions as well as the Stellite 6 clad layer. The MSS clad layer was 
etched with Vilella to highlight its microstructure. Viella’s reagent was 
prepared with 1 g picric acid, 5 ml HCl and 100 ml IMS mixture [17]. 
Micro-hardness measurements (DuraScan) were taken on the sectioned 
specimens from the surface into the bulk material and nano-hardness 
measurements were taken near the surface (Bruker Hysitron TS77 
Select). 

To allow comparison between full-scale rig tests and the previous 
data obtained through small-scale twin disc testing the contact condi-
tions had to be similar to those used in that work. As such, the contact 
stress used was 1500 MPa (by applying 110 kN) as it is the most common 
pressure used in small scale twin disc tests. Also, the slip ratio used was 
1 %. The conditions used have been chosen to represent those typical of 
the rail head, wheel tread region of the wheel/rail interface for the UK 
passenger train network (see Ref. [31] for typical value ranges). This is 
the region that is being considered currently for laser cladding rather 

that the gauge corner in curves where more severe conditions are 
present. 

3. Results 

3.1. Surface morphology 

Fig. 4 shows the pocket specimen images after the 5000 cycles of full- 
scale tests. Wear bands can be clearly seen in the images. The R260 
pocket sample has widest and most significant wear band. Those on the 
MSS and Stellite 6 clad layers are very similar. 

Fig. 5 shows the pocket specimen profiles before and after the 
completed tests. The most obviously changed profile after the tests is 
that on the un-clad R260 pocket specimen. Material flow/plastic 
deformation of the contact surface can be seen. MSS Clad and Stellite 6 
clad pocket specimens do not show any evidence of plastic flow, which is 
not unexpected given their high hardness. 

Laser scans were used after the completed tests on the pocket spec-
imens which allowed both 2D and 3D comparisons (see Fig. 6). Scanned 
clad pocket specimens were compared with the un-clad reference pocket 
and each other. The reference pocket specimen 2D profile is seen on the 
left hand images as white coloured lines and the other pocket specimens 
are shown as a lines with a colour gradient. For the 3D scans the 
reference is grey. The colours refer to the height difference in mm on the 
images from the reference pocket specimen. The scale was chosen from 
0.200 mm to −0.200 mm to show profile differences for the 3D pocket 
specimen scans. The 2D profiles were taken from sections in the centre of 
the 3D scan as shown using software in the Creaform 3D laser scanner. 

The MSS-Stellite 6 pocket specimen comparison can be seen as 
showing the lowest difference between the two profiles. In this com-
parison, MSS was chosen as the reference and shown with a white line 
and Stellite 6 can be seen with the coloured line which is lower than the 
MSS pocket profile (indicating that the Stellite 6 wore more). The MSS- 
R260 pocket profile comparison can be seen in the middle image of 
Fig. 6. The MSS pocket specimens were chosen as the reference for the 

Fig. 4. Full scale test pockets after tests: a) MSS Clad pocket specimen b) Stellite 6 pocket specimen c) R260 un-clad pocket specimen.  
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comparison and is shown with a white line. R260 is shown as a colour 
gradient line and the main difference can be seen with the dark blue 
colour and it is almost −0.4 mm lower than the MSS clad profile due its 
higher wear. The Stellite 6 and R260 pocket 2D profile comparison can 
be seen in the lower part of Fig. 6. Here the R260 pocket specimen was 
chosen as the reference profile and is shown as a white line. The Stellite 
6 clad pocket profile can be seen as a line with a colour gradient. It 
shows that the R260 pocket specimen profile is around 0.200 mm lower 
than Stellite 6 profile in the contact area. Also, plastic deformation can 
be seen easily on the edge where the white line of the R260 rises above 
that of the Stellite 6. The comparisons clearly show that the un-clad 
R260 has the highest deformation and wear. 

Images of the specimen surfaces are presented in Fig. 7. The MSS and 
Stellite 6 clad layer and un-clad R260 surface images show how the 
pockets deformed/wore and how wear tracks formed during after the 
5000 full-scale cycles. The red lines with dimensions show the extent of 
the wear band after the tests. It can be seen that the un-clad R260 was 

damaged more, and the contact patch exhibits far more severe wear than 
the other clad pocket specimens. Flaking and local deformation is 
visible. As in the other measurements, the MSS and Stellite 6 pockets 
show similar contact zones after the completed cycles. The surfaces have 
an almost polished look to them, but there is some evidence of mild 
abrasive scratching. 

The lateral and longitudinal measurements of roughness can be seen 
in Fig. 8. The commonly used roughness parameter, Ra, was used for 
these measurements. The clad layer roughness reduced following 
running backing up the observation of ‘‘polishing’’ in the wear scars. 
Unsurprisingly the unclad R260 roughness increased. The effect of rail 
roughness on harder materials in determining near surface stress driving 
plasticity and wear is the subject of recent investigation [17]. The results 
here show clad materials are not only harder than conventional steel but 
also run to a smoother surface, thereby reducing routes to damage in two 
ways simultaneously. 

Fig. 5. Full Scale tests pocket specimen profiles before and after the tests by using Calipri profile measurement tool.  

K. Yildirimli et al.                                                                                                                                                                                                                               



Wear 540-541 (2024) 205227

6

3.2. Sub-surface analysis 

After the full-scale rolling/sliding tests on the pocket samples were 
completed and all other measurements and images taken, they were 

sectioned and prepared for microstructural analysis. After mounting, 
grinding, and polishing the samples were etched to expose the micro-
structural features. 

Fig. 6. Full-scale test pocket specimen scans after the tests using a Creaform 3D Laser Scanner.  

Fig. 7. Surface images of the pocket specimens after 5000 cycles taken using an Alicona non-contact profilometer.  
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3.2.1. MSS clad 
Fig. 9 shows the sectioned MSS clad specimen. Two different mi-

crostructures are visible in the clad layer. Clearly the thermal processing 
has led to a different structure in the initial layer to the top layer. In the 
HAZ there is also a varying microstructure. This was seen in twin-disc 
testing as well [10]. Some light deformation and flake formation is 
visible. Again, this is similar to that seen in twin-disc testing [10] and 
indicates some ratchetting strain accumulation is occurring. 

Fig. 10 shows the MSS clad and R260 substrate zone bonding. The 
images show a good bond between two materials in the transition (HAZ) 
zone. The diffusion zone can be seen clearly on the images as well. 

In Fig. 11 on the surface of the Stellite 6 clad it can be seen there is no 
visible deformation after the 5000 cycles. The microstructure of the 
Stellite 6 coating shows both inter-dentritic and dentrite structures. The 
inter-dentritic structure is the darker colour of the structure in the clad 
part and the dentritic structure is brighter colour. There is no visible sub- 
surface deformation. The SEM images show a small amount of spalling 

over surface (see Fig. 11(d)). 
Fig. 12 shows the Stellite 6 clad and R260 substrate zone bonding. 

Again, a good bond is shown, and the diffusion zone is clear. SEM images 
shows the microstructure changes clearly from clad part to HAZ part (see 
Fig. 12(d–e)). 

Fig. 13 shows the un-clad R260 pocket sample after etching. There is 
more deformation on the R260 pocket sample than the two clad pocket 
samples. The optical microscopy images show extensive plastic defor-
mation. There are significant flakes visible on the surface. Crack growth 
can be seen from surface to the bulk material as well. 

3.3. Hardness 

Fig. 14 shows the hardness of the full-scale pockets after tests. It 
shows both nano-hardness and micro-hardness data. Nano-hardness 
data shows higher values than micro-hardness. Nano-hardness mea-
surements were carried out as they could be achieved closer to the 

Fig. 8. Pocket specimen roughness values before and after the 5000 cycle tests: a) lateral b) longitudinal.  
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specimen contact surfaces. The surface hardness is 1046 HV on the MSS, 
1228 HV on the Stellite 6 and 830 HV in the R260. Nano-hardness values 
show big differences from micro-hardness values because care must be 

taken with interpreting the data as typically values from nano- 
indentation are higher than the micro-hardness values by about 30 % 
[25]. The main reason for this is that nano-indentations use the 

Fig. 9. MSS Clad pocket test sub-surface microstructure images from optical microscopy (a–f) and SEM (g–i).  

Fig. 10. MSS Clad pocket test clad and substrate part bonding microstructure images from optical microscopy (a–c) and SEM (d–e).  
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projected contact area at peak load, however, micro-hardness uses re-
sidual projected area. 

The micro-hardness data covers the clad layer through to the bulk 
material. The unclad R260 pocket as expected had the lowest hardness 
data. However, it had work hardened considerably as is show from the 
hardness difference between the surface and the bulk. The Stellite 6 clad 
layer has slightly higher hardness than MSS clad layer. In the substrate 
part for both clad layers the hardness was similar. 

4. Discussion 

4.1. Wear mechanisms 

The un-clad R260 shows evidence of higher wear and deformation 
than the clad layers through all the measurements. The surface flakes 

(which caused the surface roughness to increase) and the sub-surface 
deformation indicate that a ratchetting mechanism dominates as has 
been seen in many other studies of rail material wear. 

The clad layers experienced much less wear. The surfaces also 
became smoother during the tests. There was some indication of 
deformation in the sub-surface images, but this was an order of 
magnitude lower than that seen on the un-clad R260 (see Fig. 15). This 
matches observations from twin disc testing (see Figs. 15 and 16). In 
both twin-disc and full-scale testing the deformation was higher in the 
MSS than Stellite 6 which was probably due to the higher hardness of the 
Stellite 6 (see Fig. 14). The evidence suggests that ratchetting is not the 
dominant wear mechanism in the case of the clad layers and perhaps 
that mild abrasion was occurring which would explain the polishing 
effect that led to the lower post-test roughness. The lowering of rough-
ness was also seen in twin disc testing of these materials (see Table 2) 

Fig. 11. Stellite 6 Clad pocket test sub-surface microstructure images from optical microscopy (a–c) and SEM (d–e).  

Fig. 12. Stellite 6 Clad pocket tests clad and substrate part bonding microstructure images from microscope and SEM.  
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(while unpublished, the data is for tests carried out in Ref. [9]). 

4.2. Wear rates 

One approach that can be used to compare wear for different test 
scales is the Tϒ method. Tϒ (where T is the tractive force (friction co-
efficient × normal force) and ϒ is the slip in the contact) is an indication 
of energy dissipated in the interface. This can be normalised by dividing 

by nominal contact area (A) allowing different contacts to be compared. 
It has been shown in the mild wear regime, that wear rate is proportional 
to Tϒ/A [26]. Fig. 17 shows twin disc wear data for un-clad R260 and 
MSS and Stellite 6 clad layers from previous studies [10,4,26] along with 
the full-scale wear data from these tests. It can be seen that the wear 
rates fit the same linear relationship against Tϒ/A Indicating that the 
full-scale results are in line with the twin-disc results. This shows it is 
valid to use twin-disc testing wear rates as a means to predict full scale 
wear through the Tϒ method. The full-scale results also confirm that the 
clad layers perform well. 

4.3. Hardness evolution 

Final hardness values for the MSS clad and Stellite 6 compare well 
with those from twin disc testing as shown in Figs. 18 and 19 and 
Table 3. In Fig. 18, premium rails were listed with nae of R350, A, B, and 
C. 

Work hardening trends between the small and full scale specimens 
are similar (as shown in Table 3). This is quite promising as the thermal 
processing between the two is different due to the size difference be-
tween the two and some hardness values may not be accurately com-
parable as they will have been taken at different depths. 

4.4. Microstructure observations 

Some interesting features were seen in the microstructure images of 
the clad layers that will be discussed here. 

In Fig. 9(a-c,g,h), the MSS clad shows two phases with dendritic 

Fig. 13. R260 un-clad pocket test microstructure images from optical microscopy (a–f) and SEM (g–i).  

Fig. 14. Pocket full scale tests micro-hardness and nano-hardness after tests.  
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solidification morphology, the black phase is clearly visible together 
with the white phase due to etching. The second phase may correspond 
to retained delta ferrite due to an incomplete peritectic transformation 
or a M23C6 carbide or both according to the pseudo-binary phase dia-
gram in Fig. 20. The matrix has deformed on the surface and aligned 
these black phases to the runout of the deformation. 

Fig. 9(e) shows a fascinating phenomenon. A heat-affected zone 
(HAZ) is formed within the melt zone of the first MSS clad pass. Thus, an 
aligned dendritic morphology is present in the region with higher heat 
input at the interface of the first and second pass, which austenitizes and 
returns to room temperature in a way that has less of a rough casting 
texture with a finer microstructure mainly on the recrystallization re-
gion. The regions with lower heat input may undergo recrystallization 
and recovery but tend to change morphology less. This phenomenon is 
known as “temper bead” [28]. For steels, that have a greater tendency to 
form untampered martensite during the weld, this temper bead helps to 
increase the toughness in these HAZ regions. However, tempered 
martensitic microstructures, even by temper bead, will soften locally in 
this region. 

Fig. 10(b) reveals some important information. In the region 
described as the diffusion zone, phases similar to the pro-eutectoid 
morphology can be seen. To analyse this microstructure, the phase 

diagram in Fig. 20 is useful. Assuming that most of the substitutional 
alloying elements cannot get enough mobility and the fact the carbon, 
an interstitial alloying element, level in the MSS is considerably smaller 
than the rail (see Table 1), the carbon will be the one to migrate by 
diffusion toward the molten metal, generating this diffusion zone [29]. 
As shown in Fig. 20, when increasing the amount of carbon at high 
temperature, there may be a tendency to enter the liquid, delta ferrite 
(BCC), or austenite (FCC) at higher temperature and the precipitate in 
the form of carbide M23C6 region. 

The Stellite 6 clad layer microstructure in Figs. 11(b and c) clearly 
shows the dendritic morphology of the molten zone, including the main 
direction tending towards heat extraction (pointing towards the sur-
face). The dendritic morphology occurs due to the heat extraction/ 
micro-segregation and is very characteristic of the molten zone. 

In Figs. 12(b and e) it can be seen that at the rail adjacent to the clad 
metal, the microstructure presents pro-eutectoid ferrite decorating the 
former austenite grain boundaries with pearlite inside the grains. 
Diffusion leads to a local decrease of carbon concentration at the 
interface and tends to form pro-eutectoid ferrite. Pro-eutectoid ferrite 
found in rail welding also follows the prior austenitic grain boundary 
[30]. The same feature is observed in Fig. 10. The diffusion region causes 
the rail carbon (with higher concentration) to diffuse toward the molten 

Fig. 15. Deformation of depths after the experiments from twin-disc tests by Ref. [10] and full-scale tests comparison.  

Fig. 16. Microstructures images after tests a) MSS clad twin disc sample after 30,000 cycles [10]; b) Stellite 6 clad twin-disc sample after 30,000 cycles [9].  

K. Yildirimli et al.                                                                                                                                                                                                                               



Wear 540-541 (2024) 205227

12

metal (MSS – lower concentration) and deplete it locally. The lower 
amount of carbon leads the rail to have a composition less than that of 
the eutectoid (see Table 1) and consequently forms pro-eutectoid ferrite 
on cooling. 

Throughout the images where the HAZ below the clad layer is visible 
an evolution is visible as the depth increases towards the bulk R260 
microstructure (for example Fig. 9(f)). This was also described in detail 
in twin-disc testing of MSS clad layers [10]. It follows the observations 
made by, amongst others, Mansouri and Monshi [27] and is similar to 
that seen in rail welds. 

Figs. 9, 12, 13 and 16 depict the microstructure in the cross-section 
after the wear test region. Figs. 9 and 16, illustrating the surface of MSS 
steel clad, clearly show plastic deformation on the surface resulting in 
flake formation. This plastic deformation is prominently visible by 
tracking and aligning the microstructure towards the friction of the test. 
Conversely, Fig. 11, displaying the surface of Stellite 6 clad, does not 
exhibit any signs of deformation. However, due to Stellite 6’s 

considerably higher hardness compared to the bulk microstructure 
(pearlitic rail, indications of subsurface deformation can be observed at 
the clad bonding region, as indicated in Fig. 12. Nevertheless, Fig. 16(b) 
demonstrates a shallow surface deformation on the Stellite 6 clad due to 
its significantly greater hardness. A more detailed comparison of surface 
deformation between these two clads can be better observed in Fig. 16. 

The microstructure after the R260 steel test without clad reveals a 
much greater depth of plastic deformation compared to the MSS clad, 
exhibiting a more pronounced alignment of the microstructure. In 
addition to flake formation, the test also showed the formation of RCF 
cracks due to both superficial and subsurface plastic deformation. 

5. Conclusions 

Full-scale tests have been carried out of clad rail samples and an un- 
clad R260 reference sample. All samples were analysed using a range of 
measurements to allow a comparison between the clad and un-clad rail 

Fig. 17. Wear rates of full-scale rail pocket specimens and twin-disc specimens against Tɣ/A approach.  

Fig. 18. Hardness data for a range of clad and un-clad materials after twin disc testing [7].  
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Fig. 19. Hardness data for clad layers from previous twin disc testing [10].  

Fig. 20. Pseudo-binary diagram of steel with similar chemical composition to MSS clad deposited layer calculated by Thermocalc® software.  
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behaviour as well as comparisons with previous twin disc testing of the 
same materials. 

The MSS and Stellite 6 clad layers performed very well in the tests 
exhibiting far less wear, plastic flow and crack formation than the un- 
clad R260 material. This confirms what was seen in previous twin disc 
testing. The clad materials stayed well bonded and are clearly a good 
solution for assessment in field trials. 

The good correlation between the twin-disc testing and full-scale 
testing across wear rates, mechanisms, work hardening, and roughness 

evolution shows that the outcomes of small-scale tests are good in-
dicators of full-scale behaviour for reducing the amount of full-scale 
testing needed in assessing future potential clad materials. 

The observations of the microstructures, particularly around the 
differences seen in different layers when multiple layers were applied 
will be very useful in designing approaches for cladding in the future to 
create specific microstructures in the clad layers. 
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