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ABSTRACT 

 

The aim of the present work was the investigation of the use of the twin disc machine testing 

as an experimental method to simulate, identify and evaluate rolling contact fatigue in a short 

time for different combinations (ESR and standard) of cam ring steels with different case heat 

treatments (tempered at 180˚C and 240˚C). 

The ring samples were machined to achieve an elliptic contact in order to increase the contact 

pressure and achieve fast results. The contact pressure was calculated according to the 

Hertzian formula taking in account the shape parameters of the rings. 

The tests were performed with higher or lower amount of cycles depending on the previous 

results (cracks found or not) and for different contact pressures. The contact area was SEM 

inspected after each test. Friction and wear plots were used as fatigue criteria 

complementarily to the SEM analysis.  

The tests conditions (shape, roughness, friction coefficient) were studied and appeared to 

cause a scatter in the results because of their variation from one sample to another affecting 

the stress distribution, type of damage and the lubrication regime (film thickness). Therefore, 

the stress distribution was simulated under the elliptic contact surface taking in account, these 

parameters (shape parameters, roughness, friction coefficient). 

The tests showed that the twin disk testing method was useful for pitting detection in RCF 

under lubrication. Meanwhile, the quality of the samples was of extreme importance in order 

to keep constant conditions in different runs. 

The contact area SEM inspection after each test showed that high contact pressures induce 

adhesive damage in the samples that may accelerate RCF damage.  

The highest rolling contact fatigue limit was observed for the ESR steels. 

 

Keywords 

Rolling contact fatigue (RCF), twin disk tests, electro slag remelted (ESR) steel, heat 
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I. INTRODUCTION: 

Surfaces that are exposed to repeatedly load rolling motion may be exposed to contact fatigue 

that causes a persistent damage [1]. Rolling contact fatigue (RCF) failure is predominant in 

gears, rolling bearings and cams which find wide application in machine tools, automobile 

and aerospace industries. Sustained research to enhance the RCF strength by improved 

production techniques, new materials, better heat treatment processes and superior surface 

treatment techniques are in progress in order to reduce the failure and also reduce the size of 

the component. [2] 

The cam ring is a life limiting component in the hydraulic motors developed by Bosch 

Rexroth with high requirements regarding strength for rolling contact fatigue (RCF). 

The aim of this thesis is the investigation of the use of the twin disc machine testing as an 

experimental method to simulate, identify and evaluate rolling contact fatigue in a short time 

for different combinations (ESR and standard) of cam ring steels with different case heat 

treatments (tempered at 180˚C and 240˚C). 

The Standing Contact Fatigue (SCF) of the same combinations of steels (both ESR and 

standard) steels and heat treatments (tempered at 180˚C and 240˚C) has been investigated 

previously by Linz Mathias by the use of a new testing method with a test machine from 

instron Engineering corporatin. [3]  

The present work strives to investigate the different effective parameters during the twin disc 

testing: shape, roughness, friction, lubrication, plastic deformation, micro hardness, 

microscopy, rotation speed, usage of slip, number of cycles, contact pressure to study the 

suitability of the twin disk testing as a trustful detection method for to measure RCF of 

induction hardened steels under lubrication. 
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I. LITERATURE SURVEY : 

II.1. Contact fatigue 

Machine elements subjected to repeated Hertzian loads often fail due to contact fatigue. 

Contact fatigue damage manifests itself as spalls or pits formed by fatigue cracks that have 

grown under the repeated load until material has fallen out. 

Contact fatigue damage in gears can lead to a significant increase in the sound emitted from a 

gearbox and also to subsequent gear tooth failure due to the reduced load carrying ability of 

the tooth and/or by the damages acting as initiation points for fatigue cracks. 

Due to the contaminated environment in a gearbox contact fatigue damage on gears is mostly 

of the surface induced type seen in Fig. 1. [1] 

 
Fig. 1. Gear showing extensive contact fatigue damage. [1] 

II.2. Rolling contact fatigue 

Rolling contact fatigue is the phenomenon by which the durability of the contact surfaces is 

reduced due to repeated contact in rolling. RCF failure is predominant in gears, rolling 

bearings and cams which find wide application in machine tools, automobile and aerospace 

industries. Sustained research to enhance the RCF strength by improved production 

techniques, new materials, better heat treatment processes and superior surface treatment 

techniques are in progress in order to reduce the failure and also reduce the size of the 

component. Every attempt to enhance the material property calls for extensive experimental 

evaluation in RCF test rig.  

In rolling contact fatigue, the failure point is not well defined. 

The components can run even after a single pit formation with slight deterioration in the 

performance. Therefore, detection of the failure point is still under discussion. Some consider 

single pit formation as the failure, some consider 5% of the contact surface area as failure and 

others consider even more. These controversies arise because of the needs of the end usage 

[2]. 
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II.3. Fatigue Test Methods 

Many fatigue tests have been developed with the common purpose of getting fast results 

under conditions as close as possible to the real application.  

The common test set-ups are [4][5]: 

1.  A fatigue test machine which uses five balls. Four balls are used to initiate a radial rolling 

while pressed in a solid body and one ball as a drive for those other four balls. 

2.  A flat washer test machine specially used for testing bearing materials. 

3.  A high speed disc-rod test machine. Reaching up to 12500/min this method is predestinate 

for obtaining high cycle fatigue in a short time. 

4.  A ball-rod test machine containing balls that roll against a bar. 

5.  A ring-to-ring fatigue test set-up containing two disk specimens rolling on the outer sides 

against each other.  

Other test methods: 

6.  Hardness mapping of tensile test bars [6]. 

7. Cyclic loading using a brinell ball [4]. The so called standing contact fatigue test (SCF) 

The test method used in this work is the roller to roller type called ring to ring or twin disk 

machine. 

Various RCF test rigs use two-roller, three-roller (nut cracker), roller and a flat, and multi-

roller configurations depending on the intended application for which research is carried out. 

Specimen geometry from flat rollers, curved rollers and Spherical rollers to spherical rollers 

and conical wedge is used to simulate the working conditions of final application [7–8]. 

Loading on the rollers is by dead weight with or without leverage, spring, pneumatic, and 

hydraulic system [2]. 

 

II.4. The Twin disc machine 

The set-up for ring-to-ring measurements is quite simple. Two specimens with the shape of 

rings are rolling against each other. Each of them is driven by a motor. 

Ring-to-ring has emerged as a standard test rig for fatigue measurements. Especially because 

of the results are close to the real application [9]. 

In the literature two types of damage can be seen: One is micro scale cracking which consists 

of small cracks growing from the surface. A surface exhibiting this phenomenon will appear 

grey or frosted to the naked eye. Common terms used in the literature for this damage type is 

frosting or grey-staining. [10] 

The other type of damage is larger macroscopic pits or spalls often visible to an unaided eye. 

In bearings these spalls are often initiated in the subsurface region of the raceway at 

inclusions in the steel. These damages often develop after very long running times ≥ 10
8
 

revolutions and high Hertzian pressures. The surface initiated damage is often seen. This 



 
 

 
8 

 

damage type is often attributed to defects in the surface caused by third body contact (wear 

particles and other contaminants).  

Rolling Contact fatigue damage  is a very complex problem. Some of the parameters that have 

to be taken into account when trying to simulate conditions on gearwheel flanks are, material, 

surface profile, load, lubrication and size effects [11]. Some of the parameters that influence 

the Rolling Contact Fatigue (RCF) strength are shown in Fig. 2. 

 

 

 

Fig. 2. Some of the factors controlling the rolling contact fatigue (RCF) strength. [1] 

II.5. Induction hardening 

Induction hardening is a widely used process for the surface hardening of steel. It is a form of 

heat treatment in which a metal part is heated by induction heating and then quenched. The 

quenched metal undergoes a martensitic transformation, increasing the hardness and 

brittleness of the part. Induction hardening is used to selectively harden areas of a part or 

assembly without affecting the properties of the part as a whole.  

Induction heating is a non contact heating process which utilises the principle of 

electromagnetic induction to produce heat inside the surface layer of a work-piece. By placing 

a conductive material into a strong alternating magnetic field electrical current can be made to 

flow in the steel thereby creating heat. The current generated flows predominantly in the 

surface layer, the depth of this layer being dictated by the frequency of the alternating field, 

the surface power density, the permeability of the material, the heat time and the diameter of 

the bar or material thickness. By quenching this heated layer in water, oil or a polymer based 

quench the surface layer is altered to form a martensitic structure which is harder than the 

base metal 

This operation is most commonly used in steel alloys. Many mechanical parts, such as shafts, 

gears, springs, etc. are subjected to surface treatments, before the delivering, in order to 

improve wear behavior. The effectiveness of these treatments depends both on surface 

materials properties modification and on the introduction of residual stress. Among these 

http://en.wikipedia.org/wiki/Surface_hardening
http://en.wikipedia.org/wiki/Heat_treatment
http://en.wikipedia.org/wiki/Induction_heating
http://en.wikipedia.org/wiki/Quenched
http://en.wikipedia.org/wiki/Martensitic_transformation
http://en.wikipedia.org/wiki/Hardness_%28materials_science%29
http://en.wikipedia.org/wiki/Electromagnetism
http://en.wikipedia.org/wiki/Conductive
http://en.wikipedia.org/wiki/Magnetic_field
http://en.wikipedia.org/wiki/Permeability_%28electromagnetism%29
http://en.wikipedia.org/wiki/Quenching
http://en.wikipedia.org/wiki/Polymer
http://en.wikipedia.org/wiki/Martensitic
http://en.wikipedia.org/wiki/Residual_stress
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treatments, induction hardening is one of the most widely employed to improve component 

durability. It determines in the work-piece a tough core with tensile residual stresses and a 

hard surface layer with compressive stress, which have proved to be very effective in 

extending the component fatigue life and wear resistance.  

Induction surface hardened low alloyed medium carbon steels are widely used for critical 

automotive and machine applications which require high wear resistance. Wear resistance 

behavior of induction hardened parts depends on hardening depth and the magnitude and 

distribution of residual compressive stress in the surface layer [12]. 

II.6. Influence of the hardness on the fatigue strength 

Hardness of the material tested is indicated as an important factor in the literature. There is a 

trend of increasing RCF-strength with increasing hardness as shown in Fig. 3. 

Tests in four ball testers with high Hertzian pressures have indicated that there is an optimum 

hardness for rolling elements [13]. There are however studies that indicate that for bearings 

high hardness only has a beneficial effect at high contact pressures [14]. 

 

Fig. 3. Contact fatigue resistance for different materials as a function of hardness [15]. 

There is some evidence that the material structure has an influence on the fatigue strength. A 

carburised steel alloy was compared to a through-hardened bearing steel alloy (same surface 

hardness and surface roughness) in roller-to-roller testing. It was found that the case hardened 

steel had a longer fatigue life [16]. Roller-to-roller tests were performed on an induction-

hardened steel, a through-hardened steel and two carburising steels with the same surface 

http://en.wikipedia.org/wiki/Durability
http://en.wikipedia.org/wiki/Compressive_stress
http://en.wikipedia.org/wiki/Fatigue_%28material%29
http://en.wikipedia.org/wiki/Wear_resistance
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hardness. This study showed that the carburised steels displayed the longest fatigue lives and 

that the induction-hardened steel and the through-hardened steel had approximately the same 

contact fatigue life [17]. 

In Fig. 4 it is shown that the surface hardness of the test rings has a clear influence on the 

fatigue damage generation. In fact, after the completion of the tests the specimens were 

inspected for contact fatigue damage. 

The tested specimens were divided into 16 segments along the running track. The segments 

were then photographed in 16× magnification. A line parallel to the running track was then 

drawn on the resulting photograph. This line was placed approximately in the centre of the 

running track. These lines were then used as a reference line for the measurements. The 

measurements were performed on the photographs. Measured on the photographs were the  

width of the damage along the reference line. All individual measurements from a track were 

noted. All the measurements from a test sample were then added to result in a total damage 

length for each test [1]. 

 

Fig. 4. Measured damage lengths as a function of the surface hardness. [1] 

Good to mention also that surface roughness is a factor that seems to be important. A finer 

surface tends to increase the RCF-strength. Roller-to-roller tests indicate that shot peening 

increases the RCF-strength [16]. In fact, shot peening increases the life to failure only at 

contact pressures below 3 GPa [18]. 

The increase in the fatigue strength is brought by case hardening that is proportional to the 

hardness increase in the surface zone. It is also dependant on the compressive stresses in this 

zone. Most fatigue strength investigations of case-hardening steels show that optimum 

properties are obtained when the surface carbon content is 0.6-0.8℅ and the surface hardness 

at least 700 HV [19]. 
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II. EXPERIMENTAL 

 

In this thesis, both ESR (Electro Slag Remelting) and Standard steels tempered at 180˚C  and 

240˚C were  ring to ring tested in order to investigate the suitability of the twin disk testing 

for the study of the influence of the cleanliness and the heat treatment on the rolling contact 

fatigue.  

The samples were all ring machined according to the twin disk machine test method 

requirements and the increased operating contact pressure purpose. 

Scanning Electron Microscopy analysis, optical microscopy analysis, hardness measurements, 

roughness measurements, stress distribution simulation and pressure calculations were 

performed.  

III.1. About the cam ring steel 

The four types of steel that have been tested are: 

ESR steel tempered at 180˚C 

ESR steel tempered at 240˚C 

Standard steel tempered at 180˚C 

Standard steel tempered at 240˚C 

They have the same chemical composition. The cam ring steel grade is 50CrMo4. 

The base material is tough hardened (quench and tempered). The surface layer is induction 

hardened to a depth of about 3 mm.  

Table 1: Chemical analysis -% by mass of the 50CrMo4 grade steel [20] 

Chemical elements  C Si Mn P S Cr Mo 

% by mass 0,46- 

0,54 

0,40 0,50- 

0,80 

Max 

 0,025 

Max  

0,035 

0,90- 

1,20 

0,15-0,30 

Permissible deviation ±0.02 ±0.03 ±0.04 + 0.005 +0.005 ±0.05 ±0.03 

 

The cleanliness of the tested materials was investigated by sending one sample of standard 

steel and one ESR sample to Sverea KIMAB by combining SEM and x-ray analysis [3].The 

results of cleanliness measurements can be found in annex 1.  

As expected, the ESR steel shows less inclusions than the standard steel. Most of the 

inclusions have non deformable character while the main part in the standard steel consists of 

globular sulfides which were melted out during the electro slag remelting process. 
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III.2. The samples quality 

In order to obtain reliable tests results, the samples must be machined within the tolerance 

limits of the twin disk machine. 

The samples were cut directly from real camrings, rough machined and surface induction 

hardened at Bosch Rexroth. They were tempered in a furnace and the final machining was 

done at the work shop of Luleå University of Technology by turning the samples. 

In order to fit on the mounting, the produced samples were machined in a ring shape with a 

width of 10mm and an inner diameter of 25 mm that is the machine sample holder diameter. 

The tests are run with couples. One of the two samples of the couple is cylindrical plain (flat) 

with a curvature on the axis x and no curvature on the axis y. we refer to it by the flat ring. 

The other one is cylindrical machined with curvatures on both axis y and x. We refer to it by 

the machined ring. The purpose of the final machining in the machined ring was to achieve a 

radius (Ry) of 5mm and a width (a) of 1mm. 

The aim of this finishing is to have an elliptic contact to achieve a high contact pressure. The 

maximum full scale pressure reached in real application is 2 GPa and the lab scale pressure 

reached during the tests is varied between 2.5 GPa and 3.7 GPa. The lab scale pressure level 

is then 125% to 185% the full scale pressure level. 

Even if the purpose of the machining was to achieve a radius (Ry)) of 5 mm and a width (a) of 

1mm, the measurements after the final machining revealed that the actual width (a) of the 

samples was varying between 0.9 and 2 mm and the radius (Ry) between 3.5 and 5 mm which 

influences the resulting contact pressure even if the applied load is fixed. 

In order to avoid surface defects hitting the same point on the other sample of the couple 

when the test is running, the diameters (Dx) in the flat and machined ring samples of the 

couple are different. 

The diameter of the flat ring samples Dx is 48 ± 0.5 mm and the diameter of the machined 

ring samples Dx is 46 ± 0.5mm. 

The finished samples’ design drawings can be found in annex 2. 

 

Fig 5. the sample contact during twin disk testing. 
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III.3.  Contact Pressure calculation  

The operating contact pressure is related to a wide range of parameters.  

The applied pressure is calculated according to the applied load and shape parameters, using 

the suited Hertzian formula for elliptic contact. 

The figure 6 shows the input and output parameters when a test is run for a couple of a flat 

ring sample 1 and a machined ring sample 2.  

For both samples 1 and 2, the Young’s modulus of the steel, the Poisons ratio, the applied 

load and the radius rx and ry were entered. 

The sample 1 is the flat plain ring one. The radius x (rx) measured with a caliper was entered. 

The radius y (ry) is 0 because there is no curvature on the axis y. 

The sample 2 is the machined ring one. Both values of radius on both axis x and y (rx) and (ry) 

are entered because there are curvatures on both axis x and y. rx was measured with a caliper 

and ry was calculated after analyzing the surface with a profilometer (topometer) and 

measuring the curvature parameters (width and length of the circle). 

For both samples 1 and 2, it was assumed that the Young’s modulus of the steel is 213 GPa 

and the Poisson’s ratio is 0.29 (common Young’s modulus and Poisson’s ratio values used for 

steels). 

After entering the shape and material parameters, the program solves the Hertzian formula 

and gives the effective Young’s modulus, the effective contact radius, the elliptic contact area 

widths and the operating contact pressure values. 

 

Fig 6. Hertzian elliptic contact pressure calculation programme according to www.tribology-

ABC.com  [21]. 

http://www.tribology-abc.com/
http://www.tribology-abc.com/
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III.4.  Twin disc Testing 

III.4.a. Twin disc machine description 

The twin disc machine is connected to a computer where the “tribosoft” software can be 

started. 

The software consists of two windows (Measurement and Setup). The setup window allows 

the change of the test parameters. The diameter Dx of the test samples, the suited load, the 

desired velocity in rpm or m/s are inserted. 

When the rolling option is selected, both discs rotate at the same speed. 

It is possible to select a slip percentage or to enter directly the velocity of the 2
nd

 disk if the 

gliding option is selected. In the case of the research, it is considered that there is no slip.  

The software makes a file of each current test. 

Once the modules are confirmed, the machine is set up. The load and wear transducers are 

tared. 

As shown in the figure 7, the machine is mainly composed of two servo motors, a torque 

transducer, load counterweights, a thermocouple, an oil pump and 2 samples rolling against 

each other. Each of them is driven by a motor. 

 

 

 

                                         Fig 7. The UTM 2000 Twin Disc machine 
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III.4.b. Samples preparation and mounting for the twin disc testing 

After the production of the samples and their final finishing at the work shop, the samples 

were marked and then cleaned in the ultrasonic bath using heptane (industrial petrol). They 

were mounted on the machine with an eccentricity value for a full rotation that does not 

exceed 5 micrometers. Otherwise, the vibrations of the machine would be too large and could 

cause serious damage. 

Once both samples have been adjusted, the specimens were loaded by moving the lever 

towards the drive. The desired load was adjusted manually by increasing or decreasing the 

length of the lever while the measurement window was displaying both values of the force 

and the wear.  

The oil pump was turned on with a chosen speed in order to simulate the lubrication of the oil 

channels to the pistons in the hydraulic motor and the test was started. 

The machine can achieve 3000 rpm and a load of 2000 N. 

The four combinations of two different steel types and two different heat treatments were 

tested. Each time, the test was performed for a couple of samples with the same type of steel 

(standard or ESR) and the same case tempering temperature (180˚C or 240˚C), with finite slip 

and impurities in the lubricant. 

The Lubricant speed was fixed at 100 ml /min, the rotation speed of the discs at 2500 rpm 

(150 000 cycles/h) and the load was set and varied from one test to another as a function of a 

suitable contact pressure. 
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III.5. Rolling Contact Fatigue criteria 

In order to measure the mechanical damage and run as less tests as possible, it is important to 

determine the fatigue criterion that is the point at which the test is stopped assuming that the 

contact fatigue has occurred. 

Three references were taken before stopping a running test. 

III.5.a. The microscopy criteria 

The test was run during a certain amount of time. The machine was then stopped and the 

eventual failure was checked under optical microscopy. 

In case damage was detected, the situated damaged area was prospected with the Scanning 

Electron Microscope (SEM) to confirm and prospect the damage. Another test might also be 

run with the same conditions with another couple of samples of the same type of steel and 

heat treatment for less time to situate more precisely the time at which the damage occurs. 

In case no damage is observed, the same test with the same conditions was run with another 

couple of samples of the same type of steel and heat treatment but for longer time until the 

damage is detected under SEM.  

This method is the most reliable one because of the precise pictures we get from the scanning 

electron microscopy revealing the type of damage and the size of it and the embedded 

particles investigation we get from the EDS analysis. But the method consumes a big amount 

of samples and takes longer time. In fact, as the first time is set randomly, many tests need to 

be conducted until the damage is detected. Many samples are consumed since the same couple 

of samples cannot be used more than once in order to optimize the conditions of the test. In 

fact, the contact area might not be the same if we run the same couple from a previous test 

which influences the result. Added to that, the fact that the time could be shorter if the tests 

were not interrupted and started over each time after SEM observation.  

                    III.5.b. The friction and the wear plots variations during the test criteria 

In order to limit the consumption of samples and limit the time of the damage detection, the 

plots of the variations of both the friction and the wear were used as a reference.   

The plots of the variations of both the friction and the wear are displayed by the twin disk 

machine during each test. The following figures (8, 9, 10, 11) show these variations for some 

of the tests.   

The friction is set by the lubrication regime, the viscosity of the lubricant, the flow, the 

lubricant film thickness, the contact pressure and the roughness of the samples. 

The friction increases during the first minutes of the test because of an amount of vibrations 

that makes the two samples rubbing against each other in the beginning of the test, then, 

presents a constant value during the whole test. This constant value of friction is different 

from a couple of samples to another because of the differences in the roughness and the 

pressure.  

The wear increases during the test because of the erosion/removal of the material as a result of 

the action of the rolling of the surfaces against each other. 



 
 

 
17 

 

A fluctuation might be observed for both friction and wear due to the vibration of the 

machine.  

 

Fig 8. Wear and friction coefficient 

variation for the couple of sample S 

[180˚C, 1000N, 3GPa, 2500 rpm]  

 

Fig 10. Wear and friction coefficient 

variation for the couple of sample Z 

[180˚C, 1000N, 3GPa, 2500 rpm] 

 

Fig 9. Wear and friction coefficient 

variation for the couple of sample Q 

[180˚C, 420N, 2.5GPa, 2500 rpm]  

 

Fig 11. Wear and friction coefficient 

variation for the couple of sample U 

[180˚C, 1000N, 3GPa, 2500 rpm] 

Any change in the friction and/or the wear reveals a sudden change in the roughness that 

might reveal the cracking. The machine is then stopped and the eventual presence of cracking 

is checked with the SEM.  

Referring to the friction and the wear variation criteria is a faster way to detect the eventual 

damage and the number of necessary amount of samples is decreased. As no visible change 

occurred in some tests even if the samples cracked, this criterion is just complementary to the 

first one.    
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III.5.c. The sound signal criteria 

In order to achieve damage detection without stopping the test, another criteria for damage 

detection was tested. The damage could be revealed by the change in the sound signal.  

For this criterion, a graphical programming language; Labview was used in order to detect any 

change of the sound. 

A microphone was used for the acoustic emission detection during the test. The microphone 

was connected to the hard drive to acquire the data (sound signal). The signal was processed 

and could be analyzed. 

The machine motors being very noisy, it was not really reliable. The sound needs to be 

isolated from the machine assembly which was not possible with the microphone as a 

detection device. 
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III. RESULTS & DISCUSSION 

IV.1. Results 

The following figures 12 and 13 and  tables 2 and 3 are the recapitulation of the test 

conditions (load, contact pressure, time, rings revolution speed) and the RCF results for both 

types of steels (ESR and Standard) and both heat treatments (tempering at 180˚C and 240˚C). 

The revolution speed of the samples was set to 2500 rpm (150 000 cycles/hour) for all the 

tests .  

The tests were stopped according to the fatigue criteria chosen below and the type of damage 

was prospected under SEM.  

In order to get reliable results, be able to compare the different tests and correlate the lab 

results with the field results, the load was varied depending on the suited contact pressure 

level. The ESR steels cracked under a pressure of 3.7 GPa and not under a pressure of 3 GPa 

while a damage was observed for the Standard steels under all applied contact pressures (2.5, 

3 and 3.7 GPa). 

The ESR steels had a higher RCF resistance than the standard steels which was expected due 

to the higher cleanliness (less inclusions) of the ESR steel as a result of the remelting in the 

metallurgical treatment.  

 

Fig 12. RCF test results recapitulation for the ESR steel. 

0

100

200

300

400

500

600

3,7 3 3

Ti
m

e 
(m

in
u

te
s)

Hertzian contact pressure (GPa) 

RCF results for the ESR steel

180˚C without damage

240˚C without damage

180˚C with damage

240˚C with damage



 
 

 
20 

 

 

Fig13. RCF test results recapitulation for the damaged Standard steel. 

In the case of the Standard steel samples tested under pressures of 2.5GPa and 3GPa, the 

samples tempered at 240˚C show a better fatigue resistance than the ones tempered at 180˚C. 

For the ESR steels and the Standard ones tested under 3.7 GPa, The pressure was too high and 

the number of tests was not enough to compare the fatigue resistance according to the 

tempering temperature.  
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Table 2: Tests results for the samples tempered at 240˚ C 

 

Steel Samples 

couple  

Load [N]   Pressure 

 P [G Pa] 

Time  Speed 

[rpm]  

RCF  

Electro  

Slag 

Remelted  

A  1000  3 1h  2500  No  

C  1000  3 5h  2500  No  

G  1800  3.7 5h  2500  No  

H  1800  3.7 9h  2500  Yes  

Standard        

J  1800   > 3.7 23 min  2500  Yes  

P  650  3 1h50 min  2500  Yes  

W  590  3 2h 20min  2500  Yes  

U  420    2.5 5h50 min  2500  Yes  

T  430  2.5 4h  2500  Yes  

N  310    2.5 1h47 min  2500  Yes  

L  370    2.5 1h34 min  2500  Yes  
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Table 3: Tests results for the samples tempered at 180˚ C 

Steel Samples 

couple  

Load [N]   Hertzian  

 pressure  

 [G Pa] 

Time  Speed 

[rpm]  

RCF  

Electro  

Slag  

Remelted  

B  1000  3 3h  2500  No  

D  1800  3.7 4h  2500  No  

E  1800  3.7 9h 30min  2500  Yes  

F  1800  3.7 7h  2500  No  

Standard  I  1800   >3.7 5h 36min  2500  Yes  

K  1800   >3.7 7h 24min  2500  Yes  

L  1800  >3.7 47min  2500  Yes  

M  1800  >3.7 2h 15min  2500  Yes  

S  1000  >3 55min  2500  Yes  

T  800  3 45 min  2500  Yes  

Z  1000  >3 27min  2500  Yes  

U  700  3 2h49 min  2500  Yes  

Y  400  2.5 5h48 min  2500  Yes  

R  420  2.5 50 min  2500  Yes  

Q  420  2.5 1h37 min  2500  Yes  

W  370  2.5 2h47 min 2500  Yes  
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IV.2. Test conditions 

A big scatter in the results was observed for the standard steels because the fatigue behavior 

of the steel is related to a wide range of parameters. It is therefore important to be aware of 

the different test conditions by measuring the different influencing parameters. These 

parameters were measured and collected in table 4.  

Even for the same applied load, the operating contact pressure is different because of the 

differences in the shape, the friction coefficient and the roughness. The applied Hertzian 

pressure is then calculated according to the applied load and the shape parameters of the 

samples by using the Hertzian formula for elliptic contacts. It was then important to measure 

the radius Ry of the machined ring samples to calculate the contact pressure in addition to the 

diameters Rx of both rings of the tested couple. 

Despite the applied Hertzian pressure many other parameters were varying during the tests 

and therefore influencing the results.  

The roughness is an important parameter to distinguish the different types of damage in the 

surface. It influences the lubrication regime. It was then important to select samples with 

similar roughness values to be able to compare the results. 

It was also important to measure the width (a) of the machined part in the machined ring 

samples and make sure it is bigger than the width of the elliptic contact area calculated with 

the Hertzian formula. Therefore, both the widths (a) and the radius Ry in the machined ring 

samples and the roughness were measured using the topometer by doing many measurements 

on the same sample on different points of its surface before the testing to select couples of 

samples with relatively the same parameters (as close as possible) 

As it is displayed in the table 4, the roughness of the flat ring samples varies between 1.99 and 

2.13 and the roughness of the machined ring ones varies between 5.8 and 11.4. 

The friction coefficient is given by the twin disk machine and is determined by the roughness 

(Ra), the contact pressure and the lubrication regime. 
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Table 4: Recapitulation of the tests conditions 

Sample  Tempering 

temperature  

[˚C] 

Load 

[N]  

Friction 

coef  

Roughness  [µm] Average 

Radius  

Ry [mm]  

Hertzian 

Pressure 

[GPa]  

Flat 

ring 

 Machined 

 ring 

U  180  700  0.03  2.08  5.8  3.55  3  

T  180  800  0.008  2  10  4  3  

Q  180  420  0.028  1.99  8.61  3.77  2.5  

R  180  420  0.05  2.01  11.2  3.89  2.5  

W  180  370  0.01  2.02  9.02  3.5  2.5  

Y  180  400  0.01  2.08  9.41  3.53  2.5  

U  240  420  0.06  1.92  11.4  3.8  2.5  

T  240  430  0.035  2,13  9.79  3.96  2.5  

N  240  310  0.044  2.07  10.74  3  2.5  

L  240  370  0.029  2.13  9.39  3.15  2.5  

P  240  650  0.001  2  7.42  3.38  3  

S  240  480   2.09  9.21  2.76  3  

W  240  590   2.02  7.05  3.25  3  
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IV.3. Stress distribution simulation 

The stress distribution was simulated based on the Hertzian formula using finite elements on 

Matlab software. The simulation assumes that there is no plastic deformation. 

The friction coefficient given by the twin disk machine during the test, the roughness values 

of both rings of the tested couple, the diameters of the curvatures on both axis x an y of both 

rings of the couple, the Poisson’s ratio and the Young’s modulus are entered. Then, the 

program displays both superficial and under surface stress distributions, both Tresca and Von 

Mises shear stresses (τ), normal stresses (σ), the Hertzian contact pressure (P) and the 

roughness (Ra) profiles (even if in theory, roughness is not taken in account). 

The stress distribution is simulated under the contact area in both samples of the tested 

couple. The following figures 14, 15, 16, 17, 18, 19 show examples of the results we get from 

the simulation for the sample U (180˚C- 700N- 3 GPa – 2h 49 min). 

 

 

 

Fig 14. Random roughness simulation                                 

 

Fig 16. Hertzian pressure distribution 

  

 

 

Fig 15. Subsurface stress distribution                         

 

Fig 17. Deformation simulation  
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Fig 18. Stress distribution in machined ring 

sample     

 

Fig 19. Stress distribution in flat ring sample  

 

The simulation allows the calculation of the depth of the maximum stress by situating the 

variation of x/a and z/a for the maximum stress value. a being the semi width of the elliptic 

contact area displayed by the calculation programme on www.tribology-ABC.com  [21] during 

the elliptic contact pressure calculation. It is then easily possible to calculate the variation of x 

and z for the maximum stress. 

For example, according to the stress distribution simulation of the sample U (180˚C- 700N- 3 

GPa – 2h 49 min), the maximum stress according to Von Mises is achieved at x/a varying 

between -0,2 and 0,4 and z/a varying between 0,4 and 0,7. According to the hertzian 

calculation a= 0,2 10
-3 

m = 0,2 mm. 

Then, the maximum stress according to Von Mises achieved for this sample would be for x 

varying between – 40 µm and 80 µm and for z varying between 80 µm and 140 µm. 

The stress distribution simulation of some of the other samples for other test conditions are 

given in the annex 3. 

 

  

http://www.tribology-abc.com/
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IV.4. Scanning Electron Microscopy analysis 

In order to evaluate the tests and prospect the damage, the contact areas in both flat and 

machined ring samples were investigated using optical microscope to situate the damage area 

and a more precise analyze was performed by using SEM. The damage was localized on one 

point of the contact area in all the samples. 

Comparing the microstructures of the samples showed that the microstructure of the ESR 

steels is finer than the microstructure of the standard steels. The microstructure of the base 

material is tough hardened (quenched and tempered) martensite while the hardened layer is 

low tempered martensite [3]. 

SEM analysis was performed for each case of steel (standard and ESR), tempering 

temperature (180˚C and 240˚C) and applied contact pressure (2.5GPa, 3GPa, 3.7GPa) in order 

to find a correlation between the severity of the cracking and the stress level. 

The damage was investigated on both machined and flat ring samples.  

Cleanliness and the eventual presence of inclusions or embedded materials in the steel were 

investigated using EDS. 

In addition to the rolling contact fatigue, seizures, delaminated surface, deformation and slip 

were observed in some cases. 

Here are the SEM observations made on the samples after the twin disc testing. 

The figures 20, 21, 22, 23 are the SEM observations for the machined ring sample E (ESR, 

180˚C, 2500 RPM, 1800N, 9h30min, P=3.7 GPa).  

The surface is pitted and is flaking off. Typical rolling contact fatigue is observed in the figure 

21. In the figure 22, the machining line goes in the damage part which means that the material 

was probably pressed and not removed due to an impurity/debris that came probably from the 

lubricant. It is not fatigue. In the figure 23, the material is flaking off which is probably due to 

the pitting. Rolling contact fatigue cracking is obsereved.     

Fig 20. Overview1 (X35)              

Machined ring sample E (ESR, 180˚C, 

2500rpm, 1800N, 9h30min, P=3.7 GPa) 

Fig 21. Crack 1 (X3500)                      

Machined ring sample E (ESR, 180˚C, 

2500rpm, 1800N, 9h30min, P=3.7 GPa) 
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Fig 22. indentation 2 (X4500)                     

Machined ring sample E (ESR, 180˚C, 

2500rpm, 1800N, 9h30min, P=3.7 GPa) 

Fig 23. Crack 3 (X3500)                   

Machined ring sample E (ESR, 180˚C, 

2500rpm, 1800N, 9h30min, P=3.7 GPa)

The following figures (24 to 37) are the SEM observations for the couple of both respectively 

machined and flat ring samples H respectively (ESR, 240˚C, 2500 RPM, 1800N, 9h, P=3.7 

GPa). 

In both flat and machined samples, we observe a deformation and slip in addition to fatigue. 

In fact, in the figure 25, addition damage is observed due to the high pressure, the rolling and 

the eventual possibility of the lubricant film breaking down. The material is also flaking off 

which is probably due to fatigue. In the figure 26, a clear surface cracking is observed. In the 

figures 27, 29, 30, 31, adhesive damage is observed in addition to the delamination of the 

material. In the figure 26, mostly adhesion is observed with starting of flaking off. 

The figures 33, 35 and 37 show flaking off due the RCF cracking and the figure 36 shows 

clear adhesive damage. 

Fig 24. Overview                          

Machined ring sample H (ESR, 240˚C, 

2500 RPM, 1800N, 9h, P=3.7 GPa) 

Fig 25. Surface cracking 1 (X110) 

Machined ring sample H (ESR, 240˚C, 

2500 RPM, 1800N, 9h, P=3.7 GPa)
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Fig 26. Surface crack initiation 2 (X3000) 

Machined ring sample H (ESR, 240˚C, 

2500 RPM, 1800N, 9h, P=3.7 GPa) 

Fig 28. Surface damage 3 (X250) 

Machined ring sample H (ESR, 240˚C, 

2500 RPM, 1800N, 9h, P=3.7 GPa)

Fig 30. Surface delamination 4 (X100)       

Machined ring sample H (ESR, 240˚C, 

2500 RPM, 1800N, 9h, P=3.7 GPa) 

Fig 27. Surface delamination 4 (X370)      

Machined ring sample H (ESR, 240˚C, 

2500 RPM, 1800N, 9h, P=3.7 GPa) 

Fig 29. Surface delamination 4 (X400)       

Machined ring sample H (ESR, 240˚C, 

2500 RPM, 1800N, 9h, P=3.7 GPa)

Fig 31. Surface delamination 4 (X1900)    

Machined ring sample H (ESR, 240˚C, 

2500 RPM, 1800N, 9h, P=3.7 GPa)
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Fig 32. Overview 1                                               

flat ring sample H (ESR, 240˚C, 2500 

RPM, 1800N, 9h, P=3.7 GPa) 

 Fig 34. Overview 2                                               

flat ring sample H (ESR, 240˚C, 2500 

RPM, 1800N, 9h, P=3.7 GPa) 

Fig 36. Adhesive damage 3 (X400)                                               

flat ring sample H (ESR, 240˚C, 2500 

RPM, 1800N, 9h, P=3.7 GPa) 

Fig 33. Surface crack 1 (X400)                                               

flat ring sample H (ESR, 240˚C, 2500 

RPM, 1800N, 9h, P=3.7 GPa) 

Fig 35. Surface crack 2 (X200)                                               

flat ring sample H (ESR, 240˚C, 2500 

RPM, 1800N, 9h, P=3.7 GPa) 

Fig 37. Surface crack 2 (X1000               

flat ring sample H (ESR, 240˚C, 2500 

RPM, 1800N, 9h, P=3.7 GPa)
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The following figures 38 and 39 are the SEM observations for the machined ring sample I 

(Standard, 180˚C, 2500 RPM, 1800N, 5h36min, P>3.7 GPa). The surface is spalling because 

of the clear pitting.

Fig 38. Overview1                                     

Machined ring sample I (Standard, 180˚C, 

2500 RPM, 1800N, 5h36min, P>3.7 GPa)

Fig 39. Cracking (X100)                                 

Machined ring sample I (Standard, 180˚C, 

2500 RPM, 1800N, 5h36min, P>3.7 GPa)

 

The following figures (40 to 47) are the SEM observations for the couple of both flat and 

machined ring samples K (Standard, 180˚C,2500 rpm,1800N,7h 24min, P> 3,7 GPa).   

In addition to the cracking, seizure and deformation are observed. The material is building up 

because of the high pressure level. 

Fig 40. Overview (x40)                                        

Flat ring Sample K (Standard,180˚C,2500 

rpm,1800N,7h 24min, P> 3,7 GPa)  

Fig 41. Crack 1 (x800)                                        

Flat ring Sample K (Standard,180˚C,2500 

rpm,1800N,7h 24min, P> 3,7 GPa) 
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Fig  42. Crack 2 (x600)                                        

Flat ring Sample K (Standard,180˚C,2500 

rpm,1800N,7h 24min, P> 3,7 GPa)   

Fig 43. Crack 3 (x350)                                        

Flat ring Sample K (Standard,180˚C,2500 

rpm,1800N,7h 24min, P> 3,7 GPa)

Fig 44. Overview (x35)                             

Machined ring Sample K (Standard,180˚C, 

2500 rpm, 1800N, 7h 24min, P> 3,7 GPa)  

Fig 46. Crack 1 (x1000)                                        

Machined ring Sample K (Standard,180˚C, 

2500 rpm,1800N,7h 24min, P> 3,7 GPa)  

Fig 45. Crack 2 (x600)                                        

Machined ring Sample K (Standard,180˚C, 

2500 rpm,1800N,7h 24min, P> 3,7 GPa) 

Fig 47. Crack 3 (x750)                                        

Machined ring Sample K (Standard,180˚C, 

2500 rpm,1800N,7h 24min, P> 3,7 GPa) 
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The following figures (48 to 53) are the SEM observations for the couple of both flat and 

machined ring  samples U respectively (Standard,180˚C, 2500 rpm, 700N, 2h 49min, P= 3 

GPa). 

Flakes are coming off due to the pitting and Plastic deformation is observed on both machined 

and flat ring samples. The machined ring sample presents also adhesive damage and sliding. 

Fig 48. Overview (x200)                                      

Flat ring Sample U (Standard,180˚C, 2500 

rpm, 700N, 2h 49min, P= 3 GPa) 

Fig 49. Crack (x1100)                                          

Flat ring Sample U (Standard,180˚C, 2500 

rpm, 700N, 2h 49min, P= 3 GPa)

Fig 50. Overview (x85)                                      

Machined ring Sample U (Standard,180˚C, 

2500 rpm, 700N, 2h 49min, P= 3 GPa)  

Fig 51. Crack1 (x600)                                

Machined ring Sample U (Standard,180˚C, 

2500 rpm, 700N, 2h 49min, P= 3 GPa) 
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Fig 52. Crack 2 (x550)                                

Machined ring Sample U (Standard,180˚C, 

2500 rpm, 700N, 2h 49min, P= 3 GPa) 

Fig 53. Crack2 (x1800)                                            

Machined ring Sample U (Standard,180˚C, 

2500 rpm, 700N, 2h 49min, P= 3 GPa)

 

The following figures (54 to 64) are the SEM observations for the couples of both flat and 

machined ring  samples U respectively (Standard, 240˚C, 2500 rpm, 420N, 5h50min, P= 2.5 

GPa) and T (Standard,240˚C,2500 rpm, 430N, 4h, P= 2.5 GPa).    

The observations of the sample U present deformation and seizures that might be due to the 

lubricant breaking and sliding even if we try to avoid it during the tests. The surface is 

building up which is due to the adhesive damage and flaking off which is due to the rolling 

contact fatigue.

Contact fatigue is observed for the flat ring sample T in addition to abrasion that is probably 

due to the presence of impurities in the oil or to the wear particles that are causing this 

damage. Meanwhile, only adhesive damage is observed on the machined ring sample T.

Fig 54. Overview  (x95)                                       

Flat ring sample U (Standard, 240˚C, 2500 

rpm, 420N, 5h50min, P= 2.5 GPa)  

 

Fig 55. Crack (x230)                                             

Flat ring sample U (Standard, 240˚C, 2500 

rpm, 420N, 5h50min, P= 2.5 GPa)
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Fig 56. Overview  (x50)                                       

Machined ring sample U (Standard, 240˚C, 

2500 rpm, 420N, 5h50min, P= 2.5 GPa)  

Fig 58. Overview  (x120)                                       

Machined ring sample U (Standard, 240˚C, 

2500 rpm, 420N, 5h50min, P= 2.5 GPa)    

Fig 57. Crack 2 (x600)                                       

Machined ring sample U (Standard, 240˚C, 

2500 rpm, 420N, 5h50min, P= 2.5 GPa)   

Fig 59. Crack2 (x450)                                       

Machined ring sample U (Standard, 240˚C, 

2500 rpm, 420N, 5h50min, P= 2.5 GPa)

Fig 60. Overview (x250)                           

Flat ring sample T (Standard,240˚C,2500 

rpm, 430N, 4h, P= 2.5 GPa)  

Fig 61. Crack 1 (x1000)                                       

Flat ring sample T (Standard,240˚C,2500 

rpm, 430N, 4h, P= 2.5 GPa) 



 
 

 
36 

 

Fig 62. Crack2 (x1300)                                                                                                              

Flat ring sample T (Standard,240˚C,2500 rpm, 430N, 4h, P= 2.5 GPa) 

 

Fig 63. Overview  (x250)                                                                                                              

Machined ring sample T 

(Standard,240˚C,2500 rpm, 430N, 4h, P= 

2.5 GPa) 

Fig 64. Overview  (x600)                                                                                                              

Machined ring sample T 

(Standard,240˚C,2500 rpm, 430N, 4h, P= 

2.5 GPa) 
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The following figures (65 to 68) are the SEM observations for the couple of respectively both 

Flat and machined ring sample Q (Standard,180˚C,2500 rpm,420N,1h37min,P= 2.5 GPa). 

In the flat ring sample, the main effect that is observed is from fatigue (flaking off) with early 

stage of adhesion also. In the machined ring sample, the main observed damage is only 

adhesion.  

Fig 65. Crack 1 (x430)                                             

Flat ring sample Q (Standard, 180˚C, 2500 

rpm, 420N, 1h37min, P= 2.5GPa) 

Fig 66. Crack 1 (x800)                                             

Flat ring sample Q (Standard, 180˚C, 2500 

rpm, 420N, 1h37min, P= 2.5GPa)  

 

Fig 67. Crack 1 (x700)                                             

Machined ring sample Q (Standard, 180˚C, 

2500 rpm, 420N, 1h37min, P= 2.5GPa) 

 

Fig 68. Crack 2 (x900)                                             

Machined ring sample Q (Standard, 180˚C, 

2500 rpm, 420N, 1h37min, P= 2.5GPa) 
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The table 6 shows a recapitulation of the types of damages observed in each couple of 

samples. The flaking off is due to the fatigue cracking but is not the only observed damage. In 

fact, Adhesive damage is observed in most cases due to the high contact pressures, the rolling 

and the eventual lubrication film breakage during the tests.  

Table 6: Recapitulation of the SEM damage observations 

Steel Ring Temp- 

ering  

T˚= 

Contact  

pressure 

Time Observed damage 

Machined Flat 

ESR E 180˚C 3.7 GPa 9h30 1- Pitting 

2- Indentation 

3- Pitting 

 

 

H 240˚C 3.7 GPa 9h 1-Adhesion + flaking 

off 

2- Surface cracking 

3-Adhesion + flaking 

off 

4-Adhesion + starting 

of flaking off 

 

1-Adhesion + flaking 

off 

2-Adhesion + flaking 

off 

3-Adhesion 

Stan-

dard 

I 180˚C 3.7 GPa 5h36 1- Pitting (big) 

 
 

K 180˚C 3.7 GPa 7h24 1-Adhesion + flaking 

off 

2-Adhesion + flaking 

off 

3-Adhesion + flaking 

off 

 

1-Adhesion + flaking 

off 

2-Adhesion + flaking 

off 

3-Adhesion + flaking 

off 

 

U 180˚C 3 GPa 2h49 1-Adhesion + flaking 

off 

2-Adhesion + flaking 

off 

 

1-Flaking off + 

Plastic deformation 

 

U 240˚C 2.5 GPa 5h50 1-Adhesion + flaking 

off 

 

1-Adhesion + flaking 

off (early stage) 

 

T 240˚C 2.5 GPa 4h 1-Adhesion 1-Abrasion + 

Cracking 

Q 180˚C 2.5 GPa 1h37 1-Adhesion + surface 

cracking (early stage) 

 

1-Adhesion (early 

stage) +flaking off 

 

The following figures 69 to 74 show the SEM observation of a longitudinal cross section of 

the damaged area of the sample I (Standard, 180˚C, 2500 RPM, 1800N, 5h36min, P>3.7 

GPa). It shows the flaking off of the material due the cracking.    
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Fig 69. Longitudinal cross section of the 

damage of the sample I (x 100) 

 

Fig 71. Longitudinal cross section of the 

damage of the sample I (x 330) 

 

Fig 73. Longitudinal cross section of the 

damage of the sample I (x 450) 

 

Fig 70. Longitudinal cross section of the 

damage of the sample I (x 600) 

 

Fig 72. Longitudinal cross section of the 

damage of the sample I (x 750) 

 

 Fig 74. Longitudinal cross section of the 

damage of the sample I (x 2000) 
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IV.5. Microhardness 

The hardness describes the resistance of a material against shape deformation. 

The hardness of the 4 tested materials was investigated previously by Mathias Linz [19] and 

showed that the tempering at higher temperatures (240˚C) decreases the hardness of the 

sample due to a higher mobility of dislocations in comparison to the standard tempering at 

180˚C. 

After the tempering at 180˚C, the surface hardness is between 630 HV and 730 HV by 

requirement because the cam ring goes under a high pressure and the hardness has to be high 

to prevent deformation of the material. 

The figure 75 is the microhardness profile of a longitudinal cross section on the machined ring 

sample K [180˚C-1800N-3.7GPa-7h24min-2500rpm] at both the damaged and non damaged 

areas.  

 

Fig 75. Cross section of the sample K [180˚C-1800N-3.7GPa-7h24min-2500rpm] 

microhardness profile from the surface through the hardened layer. 

The specimen is cut with a diamond cut wheel at low speed and load. The cross section is 

microhardness tested starting at the fracture surface. A load of 50g and an indention distance 

of 10 µm are used during the microhardness testing.  

The microhadness profile of the cross section at a non damaged area shows a constant value 

of the microhardness (average of 620 HV) while the profile of the cross section of the same 

specimen at the damaged area illustrates the change of properties due to the damage. In fact, 

the hardness was the highest (680 HV) just beneath the damaged area at 100µm. The 

specimen consists of two clear surface layers. In the upper 2.5 mm, the microhardness was 

typically 620 HV because of the induction hardening. When moving down through the lower 

surface, the hardness is much lower (typically 300HV).  
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IV. CONCLUSIONS 

 

In this work, the use of the twin disc machine testing as an experimental method to simulate, 

identify and evaluate rolling contact fatigue (RCF) in a short time for cam ring material is 

investigated. Therefore, different combinations of cam ring steels (ESR and standard) with 

different case heat treatments (tempering at 180˚C and 240˚C) were tested. 

The ring samples are machined to achieve an elliptic contact in order to increase the contact 

pressure. The achieved contact pressure in the laboratory is 125 to 185% the maximum 

pressure level achieved in real application of the cam ring. 

The contact area was SEM inspected after each test. The tests were performed with higher or 

lower load and number of cycles depending on the previous results.   

The different effective parameters during the twin disk testing: shape, roughness, friction, 

lubrication, micro hardness, microscopy, rotation speed, usage of slip, contact pressure 

number of cycles were analysed.  

The main conclusions drawn on the basis of this work are: 

- The scatter in the results is caused by the variations of the sample variables that are changing 

from one sample to another (roughness, friction coefficient, width, radius) affecting the stress 

distribution, type of damage and lubrication regime (film thickness). 

- This twin disc testing method can be used statistically for pitting detection in RCF under 

lubrication as the control of the machine is very good. Meanwhile, the quality of the samples 

is of extreme importance too in order to keep constant conditions in different runs. 

- Different detection methods have been tested. In addition to the SEM analysis as main 

criteria, friction and wear plots can be used to identify surface damage in most cases. 

- In the case of the Standard steel samples tested under pressures of 2.5GPa and 3GPa, the 

samples tempered at 240˚C show a better fatigue resistance than the ones tempered at 180˚C. 

- Higher contact pressures induce deformation and adhesive damage in the samples that may 

accelerate RCF damage.  

- Due to the remelting, the ESR steels have a higher cleanliness (less inclusions) that provides 

a higher RCF resistance than the standard ones. 
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FUTURE PROSPECTS 

 

During this work, the good control of twin disc machine allowed the pitting detection and the 

comparison of the RCF resistance of the two different types of steels (ESR and Standard). 

Meanwhile, the variations in the samples parameters (shape and roughness) of the Standard 

steels during the testing caused a big scatter in the results. In order to allow a comparison of 

the results, the quality of the samples should be controlled in the future. Samples with the 

same roughness, same radius and same width should be used. 

In addition to the cracking of the samples, adhesive damage, sliding and plastic deformation 

were observed and might have accelerated the fatigue of the samples due to the high pressure, 

the rolling and the eventual lubrication film breakage. In order to avoid and/or decrease these 

phenomena in the future, the contact pressure might be decreased not only by applying a 

smaller load but also by decreasing the radius and the width of the samples and making sure 

that these values of the width and radius are homogeneous (the same) on the hole contact area 

of the same sample to insure a homogenous stress distrubiton during the test. In fact, the 

profilometer analysis after the machining of the machined ring samples showed that the same 

ring could have different widths and radius. 

During this work, the friction coefficient and wear plots displayed by the twin disk machine 

during the tests combined to the SEM observations of the samples after the testing allowed the 

detection of the damage. Meanwhile, the machine motors being very noisy, the sound signal 

analysis with the labview software did not allow this detection even if there is a change in the 

sound indeed when the damage occurs. In the future, a better isolation of the sound emitted 

from the samples and a more efficient sensor than the microphone used in this work could be 

used to get more reliable and analyzable sound plots to detect the damage. Achieving such 

damage detection criteria would save a big amount of samples and time.        
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ANNEX 1: Results of cleanliness measurements using SEM pictures [3] 

 

 Standard steel ESR steel 

Inclusions per mm
2 

41.1 

 

43% nondefromable 

4%deformable 

53% globular sulfides 

8.9 

 

92% non deformable 

6% deformable 

2% globular sulfides 

Area fraction 0.0531% 

 

35% nondefromable 

21 % deformable 

44 % globular sulfides 

0.0058% 

 

84% nondefromable 

15 % deformable 

1 % globular sulfides 

Table 1.1. Results of cleanliness measurements using SEM pictures [3] 
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ANNEX 2:  The finished samples’ design drawings 

 

 

 Fig 2.1. Machined ring sample design  

 

 

Fig 2.2. Flat ring sample design 
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ANNEX 3: 

Stress distribution simulation 

 

 

Fig 3.1 stress distribution simulation for 

the sample T (240˚C- 430N- 2.5 GPa – 

4h)  

 

 

Fig 3.3. stress distribution simulation for 

sample T (180˚C- 800N- 3GPa – 45min)  

 

 

 

 

 

 

 

Fig 3.2 stress distribution simulation for 

sample U (240˚C- 420N- 2.5 GPa – 5h50)  

 

 

 

Fig 3.4. stress distribution simulation for 

sample U (180˚C- 700N- 3 GPa – 2h 49 

min)  

 


