
eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk

Universities of Leeds, Sheffield and York

Deposited via The University of Sheffield.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/183651/

Version: Accepted Version

Article:

Fukagai, S., Marshall, M. and Lewis, R. (2022) Transition of the friction behaviour and 
contact stiffness due to repeated high-pressure contact and slip. Tribology International, 
170. 107487. ISSN: 0301-679X 

https://doi.org/10.1016/j.triboint.2022.107487

Article available under the terms of the CC-BY-NC-ND licence 
(https://creativecommons.org/licenses/by-nc-nd/4.0/).

Reuse 

This article is distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs 
(CC BY-NC-ND) licence. This licence only allows you to download this work and share it with others as long 
as you credit the authors, but you can’t change the article in any way or use it commercially. More 
information and the full terms of the licence here: https://creativecommons.org/licenses/ 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 

mailto:eprints@whiterose.ac.uk
https://doi.org/10.1016/j.triboint.2022.107487
https://eprints.whiterose.ac.uk/id/eprint/183651/
https://eprints.whiterose.ac.uk/


P
A
G
E
 

 

Transition of the friction behaviour and contact stiffness due to repeated high-pressure contact and 

slip 

 

S. Fukagaia,b,*, M.B. Marshallb, R. Lewisb  
a Railway Technical Research Institute, Tokyo, Japan 
b Department of Mechanical Engineering, University of Sheffield, Sheffield, UK 

* corresponding author: fukagai.shinya.81@rtri.or.jp 

 

Abstract 

A rapid increase in the friction coefficient can occur during the running-in between the wheel and 

rail. Although it has been found that the running-in process depends on the initial topography, the 

difficulty in obtaining accurate non-destructive interfacial measurements has hindered systematic 

investigations. In this work, four interfaces, which have different initial topographies, were 

continuously monitored using ultrasound reflectometry until they became conformal. A contact 

pressure representative of that in a wheel-rail interface was achieved by using a high-pressure torsion 

test approach. The transition of contact stiffness and friction coefficient with repeated slip and their 

relationship were investigated. Based on the experimental results, a mechanistic model for the 

running-in process of the contact interface was proposed. These findings will help in understanding 

the running-in process of the wheel-rail interface and assist in managing the wheel and rail 

appropriately to improve safety. A common insight into the running-in process for metal-to-metal 

contacts under high contact pressures has also been developed. 

 

1. Introduction 

The wheel and the rail play vital roles in rail operation, such as bearing the vehicle load, guiding the 

vehicle and transmitting the driving and braking forces. To achieve these roles, the wheel and the rail 

roll and slide against each other under extremely high contact pressure conditions. Due to the severe 

contact condition, the interface is the origin of a number of tribological problems during operation. 

For example, when contaminants, such as water, oil or fallen leaves, get into the interface wheel spin 

and brake lock-up can sometimes occur. Such significant sliding can cause not only performance 

problems in terms of delays and safety issues from over-running (past signals at danger or a station), 

but also thermal damage and abnormal deformation of wheels and rails [1,2]. When travelling in a 

curve, the contact position of the inner and outer wheels is different, but because of the tapered 

profile of the wheel, the diameter of the wheel at the contact point with the rail is different between 

them [3]. In other words, the outer wheel diameter is larger than the inner wheel diameter to allow 

smooth passage of a train. On sharp curves, however, such a difference in wheel diameter is 
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insufficient and a large slip occurs in the contact area. Here, it is known that the friction force with 

slip at sharp curves could lead to severe wear and deformation of wheels and rails [4,5], high energy 

consumption [6] and wheel-rail noise [7,8]. Additionally, it increases the risk of a wheel climb 

derailment occurring [9–11]. 

One parameter that has a significant impact on these problems is the friction coefficient. The friction 

coefficient is a system-dependent value, and it is generally known that the value depends on various 

environmental conditions, e.g., temperature, humidity, contamination, etc. Surface topography is 

also an influencing factors. For example, it has been reported that wheels with lathe cutting marks 

just after wheel re-profiling are prone to derailment [12–14]. However, the effect of such topography 

is still not well understood. The authors have already investigated the influence of the topography on 

the friction behaviour between the wheel and rail in dry condition focusing on the mechanism of the 

flange climb-up derailment [15]. Figure 1 shows the schematic change of the traction coefficient in 

the climbing direction with time, obtained from a twin-disc test. The surfaces of the rail disc and 

wheel disc-A were finished with grinding, while the surfaces of the wheel disc-B and disc-C were 

deliberately left with machining marks of different cutting pitches to simulate a re-profiled wheel. As 

a result, it was found that the initial topography strongly affected the friction behaviour during 

running-in. Stage-I is the state before the test, Stage-II is the state near the peak traction coefficient 

and Stage-III is the state after the running-in. The rougher the initial surface profile is, the longer it 

takes to reach the peak value. This seemed to indicate that the surface roughness was plastically 

deformed until the surface conformation was completed and that wear started after the friction 

coefficient had reached its peak. Similar behaviour has been reported not only in twin-disc tests, but 

also in reciprocating sliding experiments [16,17]. These results suggest that friction coefficient 

changes dramatically with surface conditions such as geometry during the running-in process in dry 

conditions, and that these changes are strongly influenced by the initial geometry.However these 

findings were based on surface investigations when the test was stopped intermittently. To further 

improve understanding of how evolution of roughness affects friction non-destructive interfacial 

measurements are required. The lack of suitable techniques for facilitating this has hindered 

systematic investigations. 
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Fig. 1 Schematic patterns of the traction coefficient curves at the twin-disc tests during running-in 

[15]; the initial roughness is greater in the order of C, B, and A. The rougher the initial surface 

profile is, the longer it takes to reach the peak value. 

 

Recently, ultrasound techniques have been used to observe the contact between wheel and rail [18–

25]. Although there are spatial resolution limits and considerations of transducer positioning to 

ensure the sound waves reflect off the area of interest, this technique can be used to non-invasively 

and directly observe the contact. When an ultrasound wave strikes the interface between the wheel 

and rail, it is partially transmitted and partially reflected. The proportion of the wave reflected 

depends on the stiffness of the contact [26,27]. This approach has been used to determine the contact 

pressure distribution in wheel-rail contacts and the influence of wear profile, roughness and surface 

defects on the contact patch [19,21]. This actual distribution of the contact pressure could be applied 

to the simulation of wear and damage propagation with consideration for surface topography [28,29]. 

Additionally, a fundamental study to investigate theinterfacial condition with micro-periodic vibration 

using ultrasonic waves was reported [30,31]. 

The authors applied the ultrasound reflectometry to an actual wheel-rail interface and monitored the 

changes in the interface condition during repeated rolling [32,33]. The results showed that there was 

a correlation between the change in friction coefficient and contact stiffness with repeated rolling-

sliding, and a near linear relationship was obtained. Additionally, the authors also applied the 

ultrasonic measurement technique to the high-pressure torsion (HPT) test and investigated the 

dynamic change of contact stiffness with slip [34]. As a result, it was found that the deformation of 

surface asperities and frictional behaviour due to slip differed depending on the surface topography. 
The above report is limited to the measurement of friction during one test cycle, but if an interface 

where sliding cycles are repeated can be continuously monitored, the mechanism of the continuously 

changing friction coefficient during the running-in as shown in Fig. 1 may be revealed. 

The aim of this work was to investigate what is happening at the wheel-rail interface during the 

running-in process and how the behaviour influences evolution of friction. To achieve a contact 

pressure equivalent to the wheel-rail contact, a high-pressure torsion test approach was used. Tiny 

piezoelectric elements which activate the ultrasound wave were attached to the one of the 

specimens. Ultrasonic reflection from the interface was used to conduct an in-situ evaluation of the 

contact condition, particularly contact stiffness. Transient loading condition and friction coefficient 

were also measured during the test. Following these measurements, the changes of contact stiffness 

with repetitive slip cycles and the running-in mechanism were proposed. 
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2. Methodology 

2.1 HPT testing equipment 

Since the details of the high-pressure torsion test equipment and ultrasonic measurement are 

described in previous works [34,35] only the basic structure is explained here. Figure 2 shows the 

appearance of the HPT testing equipment. This is capable of making contact between two specimens 

with a constant normal pressure and then rotating the bottom specimen in the direction parallel to 

the contact interface. It uses load cells for tension, compression, and torque to measure the 

compressing load and the torque; and uses a rotary variable differential transformer to measure the 

rotation speed. Table 1 lists the specifications of the HPT testing equipment. 

 

 

Fig.2 Appearance of the HPT equipment 

 

Table 1 Specifications of the HPT testing equipment 

Item Value 

Axial load (tensile and compression) ±400 kN 

Movable range in axial direction ±25 mm 

Torque ±1000 Nm 

Movable range in rotational direction ±40 degrees 

 

2.2 Ultrasonic measurement 

In this study, the contact stiffness was measured in three directions: normal and two tangential 

directions, slip direction and perpendicular to the slip direction, based on the intensity of the 

ultrasonic wave reflected from the contact interface. In the following, the principle of the evaluation 

of contact phenomena by ultrasonic reflectometry will be explained. 

Since the details of the ultrasonic measurement of an interface are described in many previous 

studies [19,23,32,35–37], only the basic principles are explained here. At the interface between 

materials with different acoustic impedances, only a part of a sound wave transmits at the interface 

and the rest of it is reflected back. The reflectivity for ultrasound at an interface where the materials 
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adhere to each other without any cavities, R, can be represented as in Equation (1) and it varies 

depending on the difference in the acoustic impedances of the two materials. 𝑅 = 𝑧ଶ − 𝑧ଵ𝑧ଶ + 𝑧ଵ (1) 

In this equation, z1 and z2 are the acoustic impedances of the materials in contact. The acoustic 

impedance is determined by the product of the density of the material and the acoustic velocity in 

the material. Therefore, when the acoustic impedances of the two materials in contact are the same 

and if the interface is hypothetically perfectly conformal, all the sound wave will transmit at the 

interface without any loss and no reflection occurs (R=0). On the other hand, when materials with 

significantly different acoustic impedances, such as a gas and a solid, are in contact, sound waves are 

almost completely reflected (R≈1).  

Figure 3 shows a schematic model of an ideal asperity contact loaded in both the normal and 

tangential directions. The surface of an actual material is not perfectly flat, but has micro-asperities 

and undulations, so that when two bodies come into contact, an interface with air cavities is created. 

When the wavelength of the ultrasound is sufficiently larger than the cavity size at the interface, the 

proportion of the reflected wave also depends on the contact stiffness. The contact stiffness is a 

function of the number, size, and approach of the contact points determined while considering the 

minute asperities [26]. Because the topographies of the surface changes due to elastic and plastic 

deformation, the measured reflectivity changes as shown in Fig. 3 as load is applied. Therefore, it is 

possible to evaluate the contact stiffness at the interface by using the reflectivity of ultrasound. 

Generally, the contact stiffness is defined as the normal or tangential stress generated when the 

relative distance between two surfaces in contact via surface asperities changes by a unit length in 

each direction. 

The contact stiffnesses for each direction are expressed as shown in the following equations: 𝐾ே = 𝑑𝜎ே𝑑𝛿ே , (2) 

𝐾் = 𝑑𝜎்𝑑𝛿்  , (3) 

where σN and σT are the normal and tangential stresses, respectively. It is often interpreted that δ

N is the approaching distance between the average height of the roughness asperities distributed on 

the two contacting surfaces, and δT is the relative distance in the tangential direction between the 

asperities on the two contacting surfaces (Fig. 3) [38–42]. 
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Fig. 3 Schematic model of an imperfect interface with ideal asperities. Normal and tangential loads 

are simulated. 

 

2.3 Specimens 

The top and the bottom specimens were made from ER8 (EN13262:2009) and R260 (EN13674-

1:2011), respectively. Table 2 shows the hardness for the specimens. The hardness values are the 

average for 5 measurements. The measurements were conducted by a Mitutoyo HV-110 machine 

and test force was 5 kgf. 

 

Table 2 Hardness of the specimens 

 R8T Wheel (top) specimen R260 Rail (bottom) specimen 

Hardness HV(5) 267 285 

 

The surface type of the top specimens remained constant for all tests and was achieved by grinding. 

On the other hand, the surface types of bottom specimens were varied. Four different roughness’ 

were used: a low roughness specimen achieved by sand blasting and medium and large roughness 

specimens achieved by machining (fly cut), which gave increasingly high values. Figure 4 shows the 

appearance of specimens on the contact surface. 

   
(a) Top specimen (b) Bottom specimen:  (c) Bottom specimen:  

Normal contact stiffness: Low

Tangential contact stiffness: Low Tangential contact stiffness: High

Tangential displacement, dδT

Normal contact stiffness: High

Normal displacement, dδN

Tangential displacement, δT

Tangential pressure, 
dσT

Normal pressure, dσNNormal pressure, dσN

Normal displacement, dδN

Tangential pressure, 
dσT



P
A
G
E
 

 

Low roughness Medium roughness 

 

  
 (d) Bottom specimen:  

High roughness 

(Cutting pitch: 0.4 mm) 

(e) Bottom specimen:  

High roughness 

(Cutting pitch: 0.8 mm) 

Fig. 4 Appearance of specimens on the contact side. 

 

Table 3 lists the values of the root-mean-square of roughness which were measured using a 

contact-type roughness meter (Mitsutoyo Surf Test SJ-210) with a cut-off of 0.8 mm and a length of 

2.4 mm. The value of the root-mean-square of roughness is the average value for 5 measurements. 

The value of the combined roughness, σ, is calculated using equation (4); 

𝜎 = ට𝑅௤௧ଶ + 𝑅௤௕ଶ (4) 

where Rqt and Rqb are the root mean square roughness of the top and bottom specimens, 

respectively. 

 

Table 3 Roughness’ of specimen’s surface before the tests for topography dependence. 

Topography 

Normal 

pressure 

(MPa) 

Measurement 

direction 

Root-mean-square of 

roughness, Rq (μm) 
Combined 

roughness for 

each direction 

(μm) 
Top specimen 

Bottom 

specimen 

Low roughness 600 
Circumferential 0.5 0.7 0.8 

Radial 0.6 0.6 0.9 

Medium 

roughness 
600 

Circumferential 0.3 1.4 1.5 

Radial 0.4 1.5 1.6 

High roughness 

(0.4 mm) 
600 

Circumferential 0.6 5.7 5.8 

Radial 0.8 2.7 2.8 

High roughness 600 Circumferential 0.6 7.4 7.4 
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(0.8 mm) Radial 0.7 8.0 8.1 

300 
Circumferential 2.3 7.3 7.7 

Radial 2.3 8.9 9.2 

900 
Circumferential 0.3 10.2 10.2 

Radial 0.3 9.7 9.7 

 

For all the contact tests, specimens were soaked in 2-propanol before the measurement and then 

washed in an ultrasonic bath. Piezoelectric elements were attached to the top specimen to reflect 

the ultrasound towards the contact interface and measure the reflected wave. Figure 5 shows the 

piezoelectric element which was attached on the back of the top specimen. The piezoelectric 

elements were attached to respectively measure the longitudinal and transverse waves to determine 

the contact stiffness in the normal, tangential direction, because there is a possibility the contact 

stiffness’ in different directions show varying characteristic behaviour with application of the normal 

and tangential pressure. The piezoelectric elements for measurement of the transverse waves were 

installed in directions parallel (circumferential direction) and perpendicular (radial direction) to the 

friction direction. Piezoelectric elements with a central frequency of 5 MHz were used for both the 

measurements of longitudinal and transverse waves. 

 

 
Fig. 5 Piezoelectric element which is attached on the back of the top specimen 

 

The longitudinal element oscillates a wave in which the displacement of the medium coincides with 

the direction of motion of the wave, while the transverse element oscillates a wave in which the 

displacement of the medium is perpendicular to the direction of motion of the wave. The longitudinal 

and transverse waves reflected on the interface contain information about the contact stiffness in 

the normal and tangential directions, respectively. 

When the frictional force acts on the interface, the tangential contact stiffness may behave differently 

from normal contact stiffness. In particular, the contact stiffness in the tangential direction may also 

be different between the perpendicular (radial) direction and the slip (circumferential) direction.  
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2.4 Test procedure 

Figure 6 shows a schematic of the experimental set-up. A 20V peak-to-peak, 5MHz, 3-cycle, sine wave 

was generated by a function generator (TG5011A, AIM-TTI Instruments) and used to excite the 

piezoelectric elements on the actuator side and generate an ultrasonic wave. The ultrasonic waves 

then propagated to the contact interface, and the wave reflected from the interface was received by 

the piezoelectric elements on the sensor side. The received waveforms were digitized without any 

amplification using a digital oscilloscope (Picoscope 5000 series, PicoTech), and stored on a PC. The 

information from the HPT controller (normal load, torque and rotation position) was obtained off-

line, but a part of the information (normal load) was shared by the oscilloscope and used to 

synchronize the ultrasonic and HPT data in post-processing. 

 

Fig. 6 Schematic of whole experiment setup. 

 

The measured reflection waveforms were bandpass filtered from 3 MHz to 7 MHz. Figure 7 shows 

examples of reflected waveforms of a longitudinal wave after band-pass filtering. Two cases are 

shown here, with and without contact. The values between the maximum and minimum peaks were 

used as the evaluation values in the time domain. 

 
Fig. 7 Examples of reflected waveforms of longitudinal wave after band-pass filter. 
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A test was conducted using the following procedure: 

1. A normal pressure is applied after inserting a pressure-sensitive paper between the specimens 

to check that the load is uniformly distributed on the contact surface. 

2. After making the specimens directly contact with each other, the pressure on the contact 

surface is increased gradually to approximately 600MPa (Additionally, 300 MPa in the case of 

high roughness). 

3. While keeping the top specimen in the specified position, the bottom specimen is rotated. 

4. After releasing the torque, the specimens are separated. 

5. Back to step 2. 

During steps 2 to 4, the contact stiffness is measured by using ultrasound with normal force (normal 

pressure), torque (tangential pressure), and the rotational position of the specimen (Fig. 8). Steps 2 

to 5 were repeated until 15 cycles and the roughnesses of top and bottom specimens were measured 

after 1st, 5th, 10th and 15th cycle. The roughnesses were measured five times for each of the radial 

and circumferential directions of the specimen rotation and the average value was evaluated. 

 

  

Fig. 8 Contact between top and bottom specimens and rotation of bottom specimen. 

 

Figure 9 shows a schematic example of a change of contact pressure and sample rotation position 

between test steps 2-4. Normal force (normal pressure), torque (tangential pressure) and contact 

stiffness for each test cycle were evaluated by calculating the average value for a given time. In order 

to eliminate making an arbitrary evaluation, the time interval was standardized as 3 seconds before 

the signal to start the release of torque was sent, and the average value during that time was obtained. 
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Fig. 9 Schematic example of a loading cycle 

 

3. Results 

3.1 Topography dependence on contact stiffness and friction coefficient during running-in 

Figure 10 shows the change of friction coefficient with test cycles for different initial roughness. It 

is found that the lower the initial roughness, the faster the friction coefficient rises, and the peak 

friction coefficient is higher for lower initial roughness. It can also be seen that the friction coefficient 

reaches around 0.6 in the final state of the 15th cycle for all roughness conditions. These tendencies 

of change coincide well with the patterns which were obtained from the results using a twin-disc 

machine (Figure 1).  

 

 
Fig. 10 Change of friction coefficient with test cycles for different initial roughness. 
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Figure 11 shows the changes of contact stiffness and friction coefficient with testing cycles for 

different initial roughness. It is found that the stiffness in the cases of low and medium roughness 

peaked in the early cycles, 4th-5th, then dropped until the 8th-10th test cycle, then tapered off until the 

15th test cycle. In the case of high roughness, 0.4 mm pitch, the contact stiffness rose gradually until 

the 5th or 10th cycle, then kept constant or tapered until the 15th test cycle. In the case of high 

roughness, 0.8 mm pitch, the stiffness gradually increased through all the test cycles. A generally 

good correlation was obtained between the contact stiffness and the friction coefficient. The friction 

coefficient was at its maximum at about the same time as the contact stiffness was at its maximum. 

By comparing the changes in all roughness conditions, it was observed that the lower the initial 

roughness, the faster the increase in contact stiffness and the higher the peak contact stiffness for all 

cycles. For all roughness conditions, normal stiffness was higher than the shear stiffnesses after the 

6th cycle. This is in agreement with previous studies such as Gonzalez-Vadez et al. [39]. Furthermore, 

in this experiment, the shear stiffness in the circumferential direction tended to be higher than that 

in the radial direction for most of the test cycles, especially for smoother surfaces. These direction-

dependent properties were not clear in the previously reported single-cycle results[34]. Figures 11(b) 

and 11(d) show that this tendency appears in the later cycles. 
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(c) High roughness, 0.4 mm pitch (d) High roughness, 0.8 mm pitch 

Fig. 11 Changes of contact stiffness and friction coefficient with test cycles for different initial 

roughness. 

 

Figure 12 shows the relationship between normal contact stiffness and friction coefficient during 

cycles. Although there is a generally positive correlation between the friction coefficient and the 

contact stiffness, the correlation appears to be dependent on the initial topography conditions. The 

higher the initial roughness, the more linear the relationship between contact stiffness and friction 

coefficient, and the lower the initial roughness, the more gradual the relationship between the 

contact stiffness and the friction coefficient at the beginning of cycles. In other words, at the 

beginning of the cycle with low roughness, a small tangential (friction) force caused a large increase 

in contact stiffness. 

 

Fig. 12 Relationship between normal contact stiffness and friction coefficient during cycles. Number 

in brackets is the cycles. 

 

3.2 Contact pressure dependence on contact stiffness and friction coefficient during running-in 

Figure 13 shows the change of friction coefficient with test cycles for different contact pressures 

under high roughness conditions (0.8 mm pitch). In the case of 600 and 900 MPa, there was a reversal 

of the high and low values when the number of cycles was low, but basically, the friction coefficient 

in the running-in process increased with the increase in contact pressure. 
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Fig. 13 Change of friction coefficient with test cycles for different contact pressure under high 

roughness conditions (0.8 mm pitch). 

 

Figure 14 shows the changes of the contact stiffness and friction coefficient with testing cycle for 

different contact pressures under high roughness conditions (0.8 mm pitch). Here, the result of 

normal stiffness under the condition of 900 MPa contact pressure is missing due to sensor failure. It 

is found that the contact stiffness increases with the contact pressure. It is known that the contact 

stiffness depends on the contact pressure and increases with the contact pressure [19,43–46]. 

However, the present result further shows that the higher the contact pressure, the greater the slope 

of the increase in contact stiffness with increasing number of cycles. Furthermore, the slope of the 

shear stiffness in the circumferential direction is even larger than that in the radial direction. 
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(c) 900 MPa  

Fig. 14 Changes of contact stiffness and friction coefficient with test cycles for different contact 

pressure under high roughness conditions (0.8 mm pitch). (The result of normal stiffness under the 

condition of 900 MPa contact pressure is missing due to sensor failure.) 

 

3.3 Change in the surface roughness during repetitive cycles 

Figure 15 shows the changes of the root mean square roughness and combined roughness with 

test cycles in different initial roughness.  

In the case of low and medium roughness, the roughness of the top and bottom specimens 

changed in a similar manner. These roughness values increased after the 5th cycle and then increased 

slowly or remained constant until the 15th cycle. The combined roughness also changed in the same 

way as the individual roughness of the top and bottom specimens. In the case of high roughness, the 

roughness of the bottom specimen was higher than that of the top specimen before the test, but as 

the number of cycles increased, the roughness of the bottom specimen decreased and that of the 

top specimen increased, finally reaching the same level after the 15th cycle. The combined roughness 

increased with the number of cycles in the radial direction of 0.4 mm pitch, but the others remained 

almost constant. The final combined roughness after the 15th cycle was lower in the circumferential 

direction than in the radial direction for all initial roughness conditions.  
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(a) Low roughness 

  

(i) Radial direction (ii) Circumferential direction 

(b) Medium roughness 

  

(i) Radial direction (ii) Circumferential direction 

(c) High roughness, 0.4 mm pitch 

  

(i) Radial direction (ii) Circumferential direction 

(d) High roughness, 0.8 mm pitch 

Fig.15 Changes of the root mean square roughness and combined roughness with test cycles in 

different initial roughness. 

 

Figure 16 shows the changes of the root mean square roughness and combined roughness with 
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test cycles for different contact pressure, under high roughness conditions (0.8 mm pitch). For all 

contact pressure conditions, the roughness values of the bottom and top specimens approached each 

other as the number of cycles increased, and the higher the contact pressure, the faster these values 

approached each other. The final combined roughness values in the circumferential direction were 

lower than those in the radial direction. The Appendix shows the roughness curves of the top and 

bottom specimens measured with the progress of cycles. 
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(i) Radial direction (ii) Circumferential direction 

(c) 900 MPa 

Fig.16 Changes of the root mean square roughness and combined roughness with test cycles in 

different contact pressure under high roughness conditions (0.8 mm pitch). 
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4. Discussion 

From Fig. 10 and 11, the running-in process can be divided into two main phases; a phase in which 

the friction coefficient and the contact stiffness are increasing (Phase-I) and decreasing (Phase-II). 

The distinction between these two phases was clear when the initial roughness was low or medium, 

but tended to become blurred when the initial roughness was high. This may be due to the elastic-

plastic response of the interface influenced by differences in the initial roughness. Based on the 

whole results, mechanisms for how the surfaces evolve with the repetition of cycles can be proposed. 

Figure 17 shows a schematic diagram of the running-in process of the interface. 

 

 
Fig. 17 Schematic mechanism of the difference of the interfacial condition during running-in between 

low initial roughness and high initial roughness. 
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In the cases of low and medium roughness, the process was considered as follows; 

i. As seen previously for a single cycle [28], asperity junctions form between the surfaces 

resisting tangential motion. As the Coulomb limit is approached, microscopic fracture occurs, 

leading to a drop in friction and contact stiffness.  

ii. Whilst fracture is microscopic at first, macroslip quickly propogates to the entire interace [37], 

and un-deformed asperities, previously not in contact, form new adhesion junctions. Stiffness 

then begins to rise [28], implying an increase in the deformation resistance of the interface, 

in turn leading to an increase in the coefficient of friction. The fractured junctions also expose 

fresh metal beneath the original surface, which similarly contribute to an increase in friction 

coefficient. Hence this process results in the observed overall rise in friction and stiffness over 

the first cycle. 

iii. With repeat cycles, the process continues. Each time the Coulomb limit is reached, interface 

damage occurs, followed by the formation of new adhesion junctions, as yet more previously 

undeformed asperities come into contact. Whilst the damaged junctions are weaker and of 

lower stiffness, the addition of new junctions into the contact leads to a continued net rise in 

both the interface stiffness and coefficient of friction. 

iv. Finally with continued cycles, the surfaces reach a point of conformity, with all asperities 

having become part of the contact. At this point stiffness and coefficient of friction are 

maximized.     

v. With continued motion and no new asperities available, wear continues at asperity junctions, 

leading to a drop in stiffness as damage accrues. However, as a fresh metal surface is also 

exposed continuously, the decrease in the friction coefficient is somewhat gradual, given this 

removal of material aids junction strength. 

i~iii correspond to Phase-I and iv to Phase-II. 

 

In the cases of high roughness, the process was considered as follows; 

i. The tips of asperities also conformed, but the penetration of asperities (i.e. each large 

machined peak) is greater than smoother interface because of the higher local pressure [47]. 

ii. With the application of tangential load, the asperities plastically deform rather than break 

bonds owing to the interlocks of the tips by the penetration and the greater heights of 

asperities. Once Coulomb limit passed and macro-slip occurs, plastic deformation and 

rounding of surface peaks accelerates [34]. 

iii. With continued macro-slip, continued deformation and rounding occurs at a gradual rate, and 

stiffness and friction coefficient rise slowly. 
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iv. As the plastic deformation of the asperities converges, the micro-slips begin to increase. 

Throughout this process changes in measured roughness and contact stiffness are marginal, 

given the wear that occurs is not on the scale of the overall initial surface topography.  

i~iii correspond to Phase-I and iv to Phase-II. In the case of 0.4 mm pitch, Phase-II was reached earlier 

than in the case of 0.8 mm pitch, and partial fracture (micro-slip) wsa considered to have increased 

after 10th cycle. However, the peak contact stiffness was not as high as for low and medium 

roughness, indicating that the micro-slip occured partially before the whole asperities were deformed 

plastically and was expected to spread gradually over the whole contact area. 

The contact pressure dependency during the running-in process on contact stiffness and friction 

coefficient would also support this mechanism. The increase in contact stiffness and friction 

coefficient was more gradual when the contact pressure was lower (300 MPa). The reason for this is 

thought to be that the decrease in contact pressure caused more gradual deformation of the surface 

asperities and more gradual increase in the friction coefficient. 

Fantetti et al. [31] explained the increase in contact stiffness due to repeated loading and 

unloading as due to plastic flattening of the asperities, which has been reported by previous 

researchers [44] and by an author of this paper [33]. Under the conditions of large roughness, it is 

possible that the similar phenomenon occurred at the beginning of the repetited friction. It is possible 

that the contact stiffness may have increased as the contacting projections deformed plastically and 

the overall conformity increased. 

In both Figs. 11 and 14, there is a directional dependence of the tangential contact stiffness. The 

contact stiffness is higher in the circumferential direction (friction direction) than in the radial 

direction (non-friction direction). This is due to the possibility that the roughness is directional and 

that when shear load is added, the asperities are more likely to interlock in the circumferential 

direction than in the radial direction. The fact that this tendency was clearer in the later cycles may 

indicate that plastic deformation and wear gradually developed, creating a homogenous contact 

condition over the entire contact surface. 

The contact stiffness may also be affected by the tiny wear debris that can be generated at the 

interface during slip. In the case of the low/medium initial roughness, such wear debris may have 

been trapped into the gaps formed by the surface asperities, also making the interface more stiff at 

the peak of the friction coefficient. 

Roughness is clearly a strong driver for friction changes in the running in process, and in the 

measured data, obvious links also exist between the roughness state and the steady state friction. 

Whilst it would have been desirable to measure the measure roughness after every cycle, and this is 

something to be considered in the future, further analysis of the pre- and post-test data recorded can 

help to clarify the trends observed.  
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Fragmented roughness data is one such analysis approach than can be undertaken to investigate 

the data further. Figure 18 shows the change of the power spectral density (PSD) obtained from the 

circumferential roughness curve of the bottom specimens with the increase in the number of cycles 

in the case of low and high roughness (0.4 mm pitch, 600 MPa) case. It should be noted that these 

are not the true measured values, but the pseudo-roughness curves obtained by connecting the 

roughness curves measured five times for 2.4 mm each, and then performing the Fast Fourier 

Transform. At the PSD before the test, for the high roughness conditions, there are characteristic 

peaks around the spatial frequencies of 1.25×10-3, which correspond to the fly cutting pitch. For the 

low roughness conditions, no characteristic peaks were observed. It can be seen that the 

characteristic peaks of high roughness gradually decrease with the increase in the number of cycles 

until the 15th cycle. This can be attributed to the gradual plastic deformation of the cutting marks due 

to normal and tangential pressures. 

In the low roughness case, the PSD decreased slightly after the first cycle at a spatial frequency of 

about 1×10-2, and transformed into a topography with a PSD peak at a spatial frequency of about 2 

to 4×10-3 from the 5th to the 15th cycle. This may suggest that extreme adhesion and large frictional 

forces resulted in relatively large scale surface breakdown and caused the decrease the contact 

stiffness during Phase-II. It should be noted that for the two cases with very different initial 

roughnesses, a similar surface topography was eventually reached. This trend can be well understood 

by the change of the roughness curves shown in Appendix. 

 

 

(a) Low roughness 

 

(b) High roughness, 0.4 mm pitch, 600 MPa 
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Fig. 18 Change of the power spectral density (PSD) obtained from the circumferential roughness 

curve of the bottom specimens with the increase in the number of cycles. The arrows in (b) refers to 

the frequencies that can be attributed to the fly cut. 

 

6. Conclusions 

Aiming to understand the difference in the running-in behaviour of a wheel-rail interface under 

different initial roughness conditions and its effect on the friction coefficient, ultrasound 

reflectometry was applied to the high-pressure torsion test. The high-pressure torsion test cycle was 

repeated up to 15 times and the change in friction coefficient was monitored and the change in 

contact stiffness was measured in situ using ultrasound. The following conclusions can be drawn: 
(1) The lower the initial roughness, the faster the friction coefficient rose, and the higher the peak 

friction coefficient value was. These tendencies coincided well with those seen using a twin-disc 

machine in a previous study [15]. Also, it is found that the rate of increase of friction coefficient 

in the case of high roughness under 300MPa was lower than 600 MPa and 900 MPa. 

(2) In the low roughness condition, the friction coefficient increased with contact stiffness at the 

beginning of the cyclic test, reached a peak, and then decreased with contact stiffness. While, 

the change of contact stiffness in the case of high roughness condition linked with that of friction 

coefficient over the whole test. The change of roughness represented that of contact stiffness 

well. 

(3) A mechanism model during running-in process of the contact interface was proposed as follows; 

for low initial roughness, the surface fracture was considered to be the dominant factor in 

increasing the friction coefficient and contact stiffness, whereas for high initial roughness, the 

plastic deformation of the asperities was considered to be the dominant factor. 

These findings will help to understand not only the contact interface after re-profiling of railway 

wheels, but also the running-in phenomenon of metal-to-metal contact interfaces under high contact 

pressures. 
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Table A.1 Change of roughness curves of the top and bottom specimens with the progress of the 

cycles in the case of low roughness when the contact stress is 600 MPa. 

 Top/Bottom Circumferential direction Radial direction 

Initial Top 

  
Bottom 

  
After 
1st 
cycle 

Top 

  
Bottom 

  
After 
5th 
cycle 

Top 

  
Bottom 

  
After 
10th 
cycle 

Top 

  
Bottom 

  
After 
15th 
cycle 

Top 

  
Bottom 
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Table A.2 Change of roughness curves of the top and bottom specimens with the progress of the 

cycles in the case of medium roughness when the contact stress is 600 MPa. 

 Top/Bottom Circumferential direction Radial direction 

Initial Top 

  
Bottom 

  
After 
1st 
cycle 

Top 

  
Bottom 

  
After 
5th 
cycle 

Top 

  
Bottom 

  
After 
10th 
cycle 

Top 

  
Bottom 

  
After 
15th 
cycle 

Top 

  
Bottom 
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Table A.3 Change of roughness curves of the top and bottom specimens with the progress of the 

cycles in the case of high roughness (0.4 mm pitch) when the contact stress is 600 MPa. 

 Top/Bottom Circumferential direction Radial direction 

Initial Top 

  
Bottom 

  
After 
1st 
cycle 

Top 

  
Bottom 

  
After 
5th 
cycle 

Top 

  
Bottom 

  
After 
15th 
cycle 

Top 

  
Bottom 
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Table A.4 Change of roughness curves of the top and bottom specimens with the progress of the 

cycles in the case of high roughness (0.8 mm pitch) when the contact stress is 600 MPa. 

 Top/Bottom Circumferential direction Radial direction 

Initial Top 

  
Bottom 

  
After 
1st 
cycle 

Top 

  
Bottom 

  
After 
5th 
cycle 

Top 

  
Bottom 

  
After 
10th 
cycle 

Top 

  
Bottom 

  
After 
15th 
cycle 

Top 

  
Bottom 
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Table A.5 Change of roughness curves of the top and bottom specimens with the progress of the 

cycles in the case of high roughness (0.8 mm pitch) when the contact stress is 300 MPa. 

 Top/Bottom Circumferential direction Radial direction 

Initial Top 

  
Bottom 

  
After 
1st 
cycle 

Top 

  
Bottom 

  
After 
5th 
cycle 

Top 

  
Bottom 

  
After 
10th 
cycle 

Top 

  
Bottom 

  
After 
15th 
cycle 

Top 

  
Bottom 
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Table A.6 Change of roughness curves of the top and bottom specimens with the progress of the 

cycles in the case of high roughness (0.8 mm pitch) when the contact stress is 900 MPa. 

 Top/Bottom Circumferential direction Radial direction 

Initial Top 

  
Bottom 

  
After 
1st 
cycle 

Top 

  
Bottom 

  
After 
5th 
cycle 

Top 

  
Bottom 

  
After 
10th 
cycle 

Top 

  
Bottom 

  
After 
15th 
cycle 

Top 

  
Bottom 

  

 

 


