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Abstract

Understanding the dynamic condition of the interface between a railway wheel and rail is
important to reduce the risks and consider the effectiveness of countermeasures for tribological
problems. Traditionally the difficulty in obtaining accurate non-destructive interfacial
measurements has hindered systematic experimental investigations. Recently an ultrasound
reflectometry technique has been developed as a direct observation method of a rolling-sliding
interface, however the topography dependence under the high contact pressures in a wheel-rail
contact has not been clarified. For this reason, a novel in-situ measurement of the contact
stiffness using ultrasound reflectometry was carried out for three different levels of roughness.
A contact pressure equivalent to that in a wheel-rail interface was achieved by using a high-
pressure torsion test approach. The dynamic change of contact stiffness with slip was measured
using ultrasound and the influence of roughness was investigated. The measured changes were
validated using a newly developed numerical simulation, and mechanisms to explain the
observed behaviour were proposed in terms of fracture and plastic deformation of the asperity
bonds. These findings could help in understanding the traction characteristics for different
roughness conditions and also assist in understanding damage mechanisms better, such as wear

and rolling contact fatigue.
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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/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, the interaction can lead to wheel spin and brake lock-up. Such significant slipping
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
wheel and rail (1,2). Also, it is known that high friction coefficient and slip at curves could lead
to severe wear and deformation of wheel and rail (3,4), high energy consumption (5) and wheel-

rail noise (6,7). Additionally, it increases the risk of a wheel climb derailment occurring (8-10).

To consider effective countermeasures for the problems mentioned above and to reduce the
risks, it is important to understand the dynamic conditions in the interface. However, the
difficulty in obtaining accurate non-destructive interfacial measurements has hindered

systematic experimental investigations.

Use of pressure-sensitive films is one potential method to evaluate the contact area and pressure
(11,12). However, these films will change the tangential load due to their different frictional
properties and they act as a “gasket” so change the load distribution in the interface. Practical
implementation is also difficult because the film disintegrates under high-pressure and shear
between the wheel and the rail. A method using a Fiber Bragg Grating (FBG) sensor which is
embedded in the rail to evaluate the distribution of wheel-rail contact pressure has also been
reported (13). Although the contact pressure can be evaluated by measuring the strain in the rail

in this method, there is difficulty in investigating the tribological phenomenon at the interface.

Recently, ultrasonic techniques have been used to observe the contact between wheel and rail
(14-21). Though 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 ultrasonic 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 (22,23). 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 (1517). Also, this actual distribution
of the contact pressure could be applied to the simulation of wear and damage propagation with

consideration of surface topography (24,25).

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 mechanisms of flange climb

derailments (26). As a result, it was found that the initial topography affected the friction
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behaviour during running-in. Though these results indicate that the dynamic evolution of the
surface asperities relates to the friction behaviour, these findings were based on the surface
investigation when the test was stopped intermittently. Some of the authors also investigated
the relationship between the change in contact condition and the change in friction coefficient
by scanning the contact area with a linear array ultrasonic transducer attached to a full-scale
wheel-rail contact rig (27). The friction coefficient tends to increase as the normal contact
stiffness, evaluated from the echo amplitude of the ultrasound, increases. In order to understand
this phenomenon in more detail, it is necessary to capture in real time how the topography of
the interface changes from time to time. Recently, a fundamental study to investigate the
interfacial condition with micro-periodic vibration using ultrasonic waves was reported (28).
This study showed that the reflection coefficient dynamically changed with the progress of the
friction mode, such as static to macro-slip. However, the experiments were carried out under a
10 MPa contact pressure, which is much lower than the wheel-rail contact pressure, and the
influence of topography has still not been investigated. If the ultrasonic technique could be
applied to a slip interface which simulates the slip component of the wheel-rail interface, it will
enable clarification of how the interfacial topography between the wheel and rail with extremely

high contact pressure changes with frictional motion.

The aim of this work was to understand the influence of the roughness on the dynamic friction
behaviour between the wheel and rail. To achieve a contact pressure equivalent to that in a
wheel-rail interface, a high-pressure torsion (HPT) test approach was used. The HPT testing
equipment is capable of applying horizontal relative motion (slip) to two surfaces in contact with
each other, while achieving a high contact pressure. The contact area is large enough to evaluate
the contact stiffness using ultrasonic waves. Tiny piezoelectric elements which generate the
ultrasonic waves were bonded to one of the test specimens. Ultrasonic reflection from the
interface was used to conduct in-situ evaluation of the contact condition, particularly contact
stiffness. Transient loading conditions and displacement were also measured during the test.
Following these measurements, and the changes of contact stiffness with contact pressure, slip

distance were reproduced numerically.

2. Methodology

2.1 HPT testing equipment
Figure 1 shows the appearance of the HPT testing equipment. This equipment is capable of
making contact between two specimens with a constant normal stress and then rotating the
bottom specimen in the direction parallel to the contact interface (29,30). It uses load cells for

tension, compression, and torque to measure the compressing load and the torque; and uses a
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rotary variable differential transformer to measure the rotation speed. Table 1 lists the

specifications of the HPT testing equipment.

Fig.1 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

Figure 2 shows the initial design of specimens for the HPT testing equipment (29). Specimens
are installed in the top and bottom parts of the equipment and a pair of the specimens is used as
a unit. The top specimen is shaped in a cylindrical form. The bottom specimen is shaped in a
rectangular solid form. Both specimens are reset by grinding, blasting or cutting the contact
surface for each test. Therefore, although the height and other dimensions of the samples vary
slightly from test to test, the contact area were measured for each test to define about the same
contact pressure. Figure 3 shows a schematic of the HPT testing equipment. The contact shape
can be seen as an annular shape. The annular contacts were used so that typical contact
pressures could be achieved at the loading capacity of the apparatus. The test specimens are to
be as parallel as possible so that a uniform pressure is obtained at each radius of the annular

contact.



’ Contact
ﬂ area

r

30

Piezo
Top elements

specimen
(Fixed)

Bottom specirﬁen
(REIEICD))]

7 S o7

(a) Top specimen (b) Bottom specimen

Fig. 2 Initial design of specimens for the HPT test  Fig. 3 Schematic of the HPT testing equipment

The relationship between the normal load N and the normal stress oy is represented as in

Equation (1):

o= n(r 2 —1%) (1)
In Equation (1), r1 and r2 respectively represent the outer and inner diameters of the hollow
circle of the contact area. Equation (2) shows the relationship between the torque Tq and the

tangential load T (29):

T = T
- Z(M) : 2)
3\r % — 7,2

In addition, the relationship between the tangential load T and the tangential stress orcan be

represented as in Equation (3):

oy =——————
’ n(r 2 —1?)

(3)



2.2 Ultrasound reflectometry
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.

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 adhere to each other without any cavities, R, can be
represented as in Equation (4) and it varies depending on the difference in the acoustic

impedances of the two materials.

Zy =21

R=—— . 4)

Zy+ 24

In this equation, z1 and z; 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 (Rx1).

Figure 4 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 (22). Because the topographies of the
surface changes due to elastic and plastic deformation, the measured reflectivity changes as
shown in Fig. 4 as load is applied. Therefore, it is possible to evaluate the contact condition at

the interface by using the reflectivity of ultrasound.
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Fig. 4 Schematic model of an imperfect interface with ideal asperities. Normal and tangential

loads are simulated.

Schoenberg (31) adopted the spring interface model to express the reflectivity of ultrasound in

the following equation:

_ 2272 — (212, /K)
Tz, + 2z —iw(z12,/K)

, (5)

where wand K respectively represent the angular frequency of the ultrasound and the contact
stiffness. For the example in this article, the equation can be simplified as follows because it is

assumed that the wheel and the rail are made of the same material (z1 = z2 = z):

1
lRl_W . (6)

Therefore, it is possible to evaluate the contact stiffness K if the reflection coefficient R can be
determined in an experiment. 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 as shown in Fig. 4. The contact

stiffnesses for each direction are expressed as shown in the following equations:

K _dO'N 7
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Ky = 207 8
T_dST 4 ()

where &y and &r are the normal and tangential stresses, respectively. It is often interpreted
that &y is the approaching distance between the average height of the roughness asperities

distributed on the two contacting surfaces, and Jr is the relative distance in the tangential

direction between the asperities on the two contacting surfaces (Fig. 4) (32-36). In the case of
contact stiffness evaluated by ultrasound, both stress and displacement are interpreted as the
values in the nominal (apparent) contact area of the imperfect contact surface where the
ultrasound is incident. As shown in the equation below, the reflectivity is represented by the
ratio between the intensities of the reflected wave when a load is applied and that when no load

is applied:
R=— |, 9)

where H and Hj are the reflected wave intensity with load applied and no contact, respectively.
Here, "intensity" is defined as a peak-to-peak magnitude of the reflected wave in the time domain,
as described in Section 2.4. The intensity of the wave reflected by the interface between steel
and air when no load is applied is assumed to be equivalent to the intensity of the incident wave.
It can be used as a simple and effective method for eliminating the influence of the inherent

characteristics of the probe and attenuation/dispersion of the ultrasound.

In this study, the “imperfect” interface is considered as a spring and the stiffness of the spring
(contact stiffness) is evaluated, as shown in Fig. 4. The degree of imperfection of the interface is
of course strongly influenced by the size and distribution of the asperities, i.e. roughness of the
two contacting surfaces. As the roughness deforms micro- and macroscopically due to the
stresses created at the interface, the contact stiffness will change as well. Many studies have
already been carried out to study the influence of surface asperities on contact stiffness and their
realistic behaviour including their deformation with normal load using ultrasound (37,38). More
recently, the contact stiffness of interfaces loaded with tangential forces has been measured to
understand the dynamic frictional behaviour (28,39). Therefore, in this study, dynamic

measurements of contact stiffness were carried out in order to understand the changes in
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contact conditions due to differences in roughness under high-pressure friction conditions

simulating a wheel-rail contact.

Some of the authors repeatedly measured the contact stiffness distribution in the normal
direction in the contact area of the wheel-rail under rolling-sliding conditions using ultrasonic
waves, and reported that a linear relationship was observed between the contact stiffness in the
normal direction and the friction coefficient (40). It was assumed that the contact stiffnesses in
the normal and tangential directions were similar, but it is not clear whether the contact
stiffnesses are actually similar or not. For this reason, contact stiffness measurements in three
different directions: normal and two tangential directions, slip direction and perpendicular to

the slip direction, were prepared in this study.

2.3 Specimens
The top and the bottom specimens were made from ER8 (EN13262:2009) wheel material and
R260 (EN13674-1:2011) rail material, respectively. Table 2 shows the hardness for the
specimens. The hardness values are the average for 5 measurements. The measurements were

conducted using a Mitutoyo hardness testing machine HV-110 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 to get a repeatable surface finish for all tests and the surface types of bottom specimens
were varied between tests. Three different roughness’ were achieved by grinding, sandblasting
and machining (milling), respectively which gave increasingly large values for the root-mean-

square of roughness, Rq. Figure 5 shows the appearance of the specimen contact surfaces.

30 mm

(a) Top specimen (b) Bottom specimen: (c) Bottom specimen: (d) Bottom specimen:
Low roughness Medium roughness High roughness

Fig. 5 Appearance of specimens on the contact side.
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For all the contact tests, specimens were soaked in 2-propanol and washed in an ultrasonic bath
before the measurement. Miniature piezoelectric elements were bonded to the top specimen to
generate ultrasonic waves that reflected off the contact interface and they also measure the
reflected wave. Figure 6 shows the longitudinal and transverse piezoelectric elements which

were attached on the back of the top specimen.

/" Radial direction ™,
’ Ty \
Nérmal {:‘/ * A Contact
l . U
direction ! o / area|
| Q.- ;

\. Circumferential

Fig. 6 Piezoelectric elements 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. Therefore, it is important to evaluate the difference of contact
stiffness in different directions so three directions of contact stiffness were measured in this

study: normal, radial and circumferential.

Off course, it is possible that the friction conditions may be slightly different at each
measurement position, but this should provide useful information on whether there are obvious
differences between directions. Therefore, measurements were made in all three different
directions. Taking into account the direction of polarisation of the piezo element, the
piezoelectric elements for measurement of the transverse waves were installed in directions
parallel (circumferential direction) and perpendicular (radial direction) to the friction direction.
The piezoelectric element was made of lead zirconate titanate (PZT) as a base material, with

thicknesses of approximately 0.4 mm for longitudinal and approximately 0.2 mm for transverse.
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The PZT plate was cut into rectangles with a side length of about 1-3mm. Piezoelectric elements
with a central frequency of 5 MHz, were used for both the measurements of longitudinal and
transverse waves. In this test, a "Pitch-Catch”" method was employed in which different

piezoelectric elements are used for activation and reception of the ultrasound.

Howard scanned the area of the ultrasonic wave emitted by the PZT which was directly attached
to the test object as above, using a fine, ball-tipped probe fitted with a PZT for the receiver (41).
The results of mapping the signal amplitude showed that the effective ultrasound spread for the
measurement did not deviate much from the size of the PZT attached to the test object, forming

a concentrated area.

2.4 Test procedure
Figure 7 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.
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Fig. 7 Schematic of whole experiment setup.

The measured reflection waveforms were bandpass filtered from 3 MHz to 7 MHz. Figure 8
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 are used as the evaluation values in time domain.

0.15 0.15
0.1 f 01 F
. Peak-peak = Peak-peak
S 005 | S 0.05
(5} [}
el e}
= 0 2 0
g g
£-005 £ 005
-0.1 01 F
-0.15 I — i s -0.15 s s s
0 0.5 1 1.5 0 0.5 1 1.5
Time (ps) Time (us)
(a) Without contact (b) With contact

Fig. 8 Examples of reflected waveforms of longitudinal wave after band-pass filter.

Figure 9 shows a schematic example of a loading cycle. The test was conducted using the
following procedure:
1. A normal stress is applied after inserting a pressure-sensitive paper between the

specimens to check that the load is uniformly distributed on the contact area.
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2. After making the specimens directly contact with each other, the normal stress is
increased gradually to approximately 600MPa.

3. While keeping the top specimen in the specified position, the tangential stress is applied.
(Phase-I)

4. The bottom specimen is rotated. (Phase-II)

5. The tangential stress is gradually released. (Phase-III)

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

During steps 2 to 6, the contact stiffnesses are measured by using ultrasound.

Phase-Il: Dynamic friction

Phase-I: Static/Quasi-static friction \ Phas/e—lll: Release of torque
1

b <K \
2804 700 : e : 14
Normal:stress i i i
240 600 i — i - 12
© — ‘ P ‘ o
< 200 §500 ! [ ! L 10 €
Y 2 i P i c
$ 160 2400 - : . : L 08 2
3 2 i & i §
% 120 §300 . : : : : - 0.6 c
(D I 1 1 1 1 =
2 80+ 5200 A i T - i - 04 Z
= : oo | 4
404 100 - : 1 ‘ L 0.2
1 1 1 1
0 0 ! o ! 0.0
- - - v —_—m—m T - .
0 10 20 30

Time (sec)

Fig. 9 Schematic example of a loading cycle

2.5 Numerical simulation
In order to verify whether changes in contact stiffness can occur in the test conditions, numerical
contact simulations based on a Boundary Element Method (BEM) with the half space
approximation were conducted and the results were compared with the experimental results.
There are several methods to perform contact calculations using rough surfaces, such as
assuming the asperity distribution to be an ideal distribution (e.g. Gaussian) (42,43) or
transforming the distribution into a shape based on the measured roughness profile (44).
However, in this study, we adopted the method of bringing together the measured 3D geometries.
This method can be one of the most direct calculation methods because it applies real geometry.
The numerical calculations were conducted using three-dimensional surface topography data
measured by a non-contact surface profiler (InfiniteFocus, Alicona) before test cycles. As a
consequence of the complexity of the top specimen geometry, the result from the bottom

specimen low roughness test was used instead. Both were ground finishes and were judged to
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have similar surface topography as the roughness in both directions, circumferential and radial,

was almost identical, as shown in Section 3.4.

The boundary element formulation for a normal contact converts the problem of finding
displacement at the surface points given a set of pressures on each of the surface points, to a
convolution between the surface pressures and a ‘short-form’ influence matrix which depends
on the material properties of the surface and the discretisation grid. Alternatively, this process
can be thought of as a matrix multiplication between a vector of pressures and a ‘long form'
influence matrix. In practice, the convolution method is almost always used as this allows the

process to be accelerated by completing the convolution in Fourier space (if x(t)®h(t) = y(t),

then X(AH(f) = Y(A) (45).

For contact between two surfaces, these influence matrices can be summed to give the total
deformation of the pair of surfaces due to a set of mutual loads. In general, for a rough surface
contact the inverse problem is solved, finding the loads required to produce deformation in the
surfaces so that the surfaces do not penetrate each other. The domain of this solution is confined
to areas of the surface where this load is positive. This can be solved by a suitable conjugate

gradient method.

In this work the domain of the solution is further confined to areas where the normal surface
pressure is less than a limiting pressure, based on the material hardness as given by (46). Areas
which contact, but would require aload larger than this critical load to not penetrate, are allowed
to penetrate and the critical load is applied. This constraint has been added to the BCCG method

given in (47). After each time step of the simulation this penetration is removed as plastic wear.

When the normal contact problem has been solved, the contact stiffness must be found. At any
point, the response of the system to small perturbations of load can be thought of as linear
providing the perturbation is not large enough to change the domain of the solution (the points
of the discrete surface profile which are in contact). In practice we can set the domain of the
solution, remove the minimum and maximum load constraints and find the pressures on the
currently contacting nodes required to produce a unit deformation of those nodes. In the
equation below these pressures are L!, the displacement vector caused by these pressures is
D! and the influence matrix is M. The sum of these pressures is the contact stiffness as given
by (48). However, this total stiffness includes all of the deformation from the infinite half space

as well as the contact region:
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M®L =D (11)

D! =1:i€ Conact Area |, (12)
L} =0:i¢ Conact Area (13)
Al YiolLia
kay = A = 1 = QZ; Ly . (14)
i=

In the ultrasound community it is common to define the contact stiffness as the load per unit gap
closure. This is a different but related quantity. Previous studies have found this quantity by
perturbing the system with a small load and directly measuring the change in gap height from
the simulation result (49), however this method is error prone. Below it is shown that the gap

definition of contact stiffness can be linked to the total stiffness:

Al
AL 15
lim 2% = Koap (15
AG; =G — GM =G? — (G + D; — Ad) (16)
AG;, =D, —Ad . (17)

where G; is the gap vector, with super scripts 0 and Al meaning the original gap and the gap
after the application of a smallload Al , D; isthe displacement vector caused by this small load
and Ad is the approach of distant points in the solids caused by this small load. The overbar

signifies the mean value of a vector. As the system is linear, the following can be written:

Ad = Al (18)
kall '
D = D}Al 19
i aZi:O L% ) ( )
D} -1

AG; = Al -, (20)

kall
Koap = 57 = <—Bl : 1) . (21)

Clearly, when the entire surface is in contact DA=1: Vi and this gap stiffness tends to infinity as
expected. This method can also be used to calculate the contact stiffness in either the loading or
unloading directions, by excluding nodes which are at the maximum pressure the loading

stiffness will be found.

15



The normal contact equations were solved for a 1024 by 1024 grid, using the experimentally
measured surface profiles shown above. The code used to solve the models has been added to

“Slippy” (version 0.1.4), an open-source contact modelling package. The code used to generate

these models is provided in the additional material.
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3. Results
3.1 Change in the contact stiffness during normal force loading

Figure 10 shows the relationship between the normal stress and the contact stiffness which was
measured during normal loading (step 2 in test procedure). It indicates that the contact stiffness
has a positive correlation with the normal stress on the contact area for all the directions and all
the different roughness cases. This result coincides with many previous reports (15,33,37).
Figure 10(a) shows a sharp increase in contact stiffness of the circumferential direction between
300 and 400 MPa in the low roughness condition. Although physical verification is not possible
at this moment, a local variation in contact pressure (e.g. sudden increases in contact pressure
where it was not previously high) may improve the conformity between the two bodies rapidly.
When considering a Hertzian contact, it is known that a smooth surface has a higher maximum
pressure and a smaller contact area than a rough surface (50,51). Considering the above, if the
elastic deformation of the specimen causes a non-uniformity in the pressure distribution in the
contact surface, the degree of non-uniformity may be more pronounced for the lower roughness.
This possibility is also supported by the fact that local contact is more pronounced in lower

roughness conditions, as shown in Section 3.4 (Fig. 16).
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Fig. 10 Relationship between the normal stress and the contact stiffness which was measured

during loading (step 2 in test procedure).

3.2 Change in the contact stiffness under tangential force
Figure 11 shows the changes in the contact stiffness, tangential load/normal load (hereafter
referred to as T/N), normal stress and rotation position with the time, obtained from steps 3 and
4 of the test procedure. Here, the positive pressure value is defined as the pressure in the

compression direction for normal stress. In Phase-I, there was little or no sliding while T/N
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increased. For this period, the specimens were assumed to be in a static or a quasi-static contact
condition except for the possibility of the rig being slightly twisted, and the contact stiffnesses
remained at almost constant level or slightly increased. In Phase-I], the rotation position rapidly
increased. At the same time, the contact stiffness rapidly decreased at the onset of slip, then
slightly increased after that in the case of low and medium roughness. On the other hand, in the
case of the highest roughness, the contact stiffness no longer showed the dip and the rotation
curve rises gently with T/N. In Phase-III, though the rotation stopped and T/N decreased as the
tangential stress was released, the contact stiffness kept a constant level or slightly increased. At
the same time, a slight restoration of the rotational position was found. It is considered that a

spring back (relaxation) at the contact interface occurred.

In all cases of roughness, though the T/N decreased to zero when the tangential stress was
released after rotation, T/N showed a negative value before Phase-I. It is considered that a slight
misalignment in the horizontal direction between the specimen and the testing equipment

generated tiny slip even when only normal stress was applied.
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Fig. 11 Changes in the parameters with testing time, parameters: contact stiffness, T/N, normal

stress, rotation position (steps 3 to 5 in test procedure).
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Figure 12 shows the relationship between the slip distance and the contact stiffness while the
tangential stress was being applied. This figure shows that for low and medium roughness there
is a positive correlation between the slip distance and the contact stiffness. This may be due to
wear and deformation of the initial asperities, as discussed in Section 4.3, which has increased
the contact area and therefore the contact stiffness. At high roughness, the contact stiffness
increased in the early stages of slip, but then the stiffness curve became flat with slip. Itis thought
that the macroscopic asperities were embedded in a smooth surface, making the contact more

conformable and stiffer.
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Fig. 12 Relationships between the slip distance and the contact stiffness

3.3 Change in the contact stiffness during normal force unloading
Figure 13 shows the relationship between the normal contact pressure and the contact stiffness
which was measured during the normal stress unloading (step 6 in test procedure). The overall
contact stiffness was higher than that of loading, but this would be due to the increase in contact
stiffness with slip, as shown in Fig. 12. It was found that the change of contact stiffness follows a
different path in the procedure of loading and unloading. Although the contact stiffness during
loading showed the more linear-like increase, it showed a square root-like function or an
asymptote with decrease of normal stress in the procedure of unloading. Drinkwater et al. and
Dwyer-Joyce et al. conducted loading-unloading cycles measuring contact stiffness and reported
hysteresis trends (37,38) and they indicated that a possible influence of the plasticity of
asperities occurs in the loading cycle. Although Fig. 13(a) shows a sharp decrease in contact
stiffness of normal direction around 300 MPa in the low roughness condition, this may have been

also due to a local variation in contact pressure as in Fig. 10(a).
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Fig. 13 Relationship between the normal stress and the contact stiffness which was measured

during unloading (step 6 in test procedure).

3.4 Change in the roughness profile after the cycle
Table 3 lists the values of the root-mean-square of roughness, Rq, and the composite roughness
before and after the tests. These roughness values were measured using a contact roughness
tester (Mitutoyo Surface 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, Rq, is the average value for five measurements. The

composite roughness, ¢ was obtained from Equation (10):

g = ’thz + quZ ’ (10)

where Ry and Ry are the root mean square roughness of the top and bottom specimens

respectively.

Figure 14 shows the roughness profiles of the specimens measured before and after the tests in
circumferential direction which were measured using a contact roughness meter. The
measurement positions of the roughness profiles were not exactly the same before and after the tests.
However, as the pre-test specimens were prepared in the workshop, the roughness profile was
consistent. It is also clear that the geometry characteristics have not changed significantly over the 2.4
mm measurement length, both before and after the test. It is therefore considered that these roughness

profiles provide a sufficiently representative trend of the profile change.
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Comparing the roughness values before and those after the tests, there was little difference in
the roughness values for the low and medium roughness conditions before and after the test.
However, in the roughness curves, it was found that the shape of the summits of the asperities
have been rounded and flattened after the test in the cases of low and medium roughness. The
roughness values of the top specimen in the case of high roughness increased significantly. The
roughness profiles of the top specimen in the case of high roughness show large dents after the
test. It is considered that the asperities of the bottom specimen were stuck and transcribed to
the top specimen.

Table 3 Roughnesses of specimen’s surface after the tests

Root-mean-square of roughness, Rq (um) Composite
Measurement
Roughness roughness for each
direction Top specimen Bottom specimen
direction (um)

Low Circumferential 0.3 (0.5) 0.6 (0.7) 0.6 (0.8)
roughness Radial 0.4 (0.6) 0.7 (0.6) 0.8 (0.9)
Medium  Circumferential 0.2 (0.3) 1.3 (1.4) 1.3 (1.5)
roughness Radial 0.4 (0.4) 1.4 (1.5) 1.5 (1.6)
High Circumferential 2.5 (0.6) 7.0 (7.4) 7.4 (7.4)
roughness Radial 3.6 (0.7) 6.2 (8.0) 7.2 (8.1)
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(c) High roughness
Fig. 14 Roughness profiles of the specimens in circumferential direction before and after the

tests.

Figure 15 shows photographs of the contact surfaces of the specimens after the test. For all
roughness conditions, a circular contact area is clearly shown on the surface of the bottom
specimen after the test. At the high roughness condition, the surface of the top specimen after
the test shows a dotted pattern, which is thought to be the imprint of the asperities of the bottom
specimen. At lower roughness levels, localised wear marks were observed at the outer circular

edge of the contact area, but not at higher roughness levels.

(b) Medium roughness

(c) High roughness

Fig. 15 Photographs of the contact surfaces of the specimens after the tests.

3.5 Comparison of experimental and numerical simulation results
Figure 16 shows the changes in normal contact stiffness simulated by the same test cycle as in
the experiment. The real contact area is not evenly distributed across the apparent contact area.
Close to the edges the local pressure is higher, leading to a higher real contact area. This can be
seen from the surface condition of the specimen after the test, shown in Fig. 15. As such, in order
to be compared to the measured results, the domain of the contact stiffness calculation is

reduced to a patch in the centre of the apparent contact area.

The size of this patch greatly influences the result of the calculation, larger patches include more

of the edge and give a higher contact stiffness. This is most pronounced for smoother surfaces.
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Because of this, results from two different sized areas are shown: 2.5mm square and 1.25mm
square. These sizes represent the projected size of the sensor if the emitter is considered as an
area, respectively. Results shown are averaged from 32 measurement regions each off set in the
periodic grid direction by 32 grid points (0.16mm) to account for the random variation in the
surfaces. The figure also shows the range of maximum and minimum values of the 32 numerical

values as the degree of fluctuation.

The contact stiffness tends to be higher for a 2.5mm square than for a 1.25mm square. As
mentioned above, this is because the greater area is more affected by the locally higher contact
stiffness at the edge. In the following sections, the experimental and numerical results of the

individual steps will be compared.

""""""" 2.5mmsquare -----=" 1.25 mm square
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Fig. 16 Changes in normal contact stiffness simulated by the same test cycle as in the experiment.

Figure 17 shows the contact stiffnesses in the normal direction during loading (step 2) estimated
by the numerical calculation with those by experiment. For all roughness conditions, the
numerical simulations reproduced the increasing trend of normal contact stiffness with

increasing stress.
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Fig. 17 Contact stiffnesses in normal direction during loading estimated by the numerical

calculation with those by experiment.

Figure 18 compares the contact stiffness in the normal direction estimated by the numerical
calculation during slip (steps 3-4) with the experimental one. For the two smoother surfaces, the
numerical prediction rapidly increases during slip as material is removed to account for plastic

deformation. As shown this leads to a large over prediction by the end of the slip. For the higher

roughness this effect is counteracted by the surfaces becoming less conformal.
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Figure 19 compares the contact stiffnesses in the normal direction during unloading (steps 5-6)
estimated by the numerical calculation with those measured during the experiment. As in the
slip, and for the same reasons, the magnitude of the stiffness is higher for the model in all but
the roughest case. However, the form of the result is generally well captured, this result is not

simply the opposite of the loading curve as the surface become more conformal due to plastic

deformation.
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Fig. 19 Contact stiffnesses in normal direction during unloading estimated by the numerical

calculation with those by experiment.
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4. Discussion

4.1 Relationships between the work energy and contact stiffness
Figure 12 showed the increase of contact stiffness around the end of the rotation. To investigate
this phenomenon from another aspect, the work by the friction was evaluated. The work, W was

calculated by the following equation:
Ly

w=| |IS|dL , (22)

Lo
where, L is the accumulation distance and calculated by the following equation:

i
L:f lde (23)
t

0

where, [ is the rotation distance, to is the time when the tangential stress was applied and t; is

the time when the tangential stress was released.

Figure 20 shows the relationship between the work and the normalized contact stiffness with
the slip distance and T/N. It is found that the normalized contact stiffness basically increased
with the work for all roughness’. However, they dropped around 2-5 ] in the cases of low and
medium roughness before rising again. This period is relevant to the beginning of Phase-II, the
dynamic friction. On the other hand, there was no drop in the case of high roughness. Pesaresi et
al. [28] also reported a decrease of the contact stiffness after a macro-slip. It is thought that the
accumulation of work energy caused micro destruction of the adhesive interface and it led
friction to drop, before rising again as new asperity junctions began to form in the cases of low
and medium roughness. On the other hand, in the case of high roughness, it is thought that the
plastic deformation of the asperities preceded the adhesion and it suppressed the destruction of

the interface.

It should be noted that for all roughness conditions the contact stiffness continues to increase
while the apparent increase in slip distance ends and the T/N decreases. This may be due to the
accumulation of work energy caused by the slight spring-back and residual tangential stress
even in the static friction condition. Fantetti et al. (39) also reported an increase in ultrasound
transmission (contact stiffness) under static friction (stick) conditions. They indicated that this
is a consequence of junction growth as proposed by Tabor (52) and ageing, so-called time-

dependent material creep (53), which could be adopted here.
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Fig. 20 Relationships between the work and the normalized contact stiffness with the slip

distance and T/N.

4.2 Fluctuation of numerical results and differences with experimental results
The comparison between the experimental and modelled results shows relatively good
agreement during the loading step of the experiment. During the sliding step the deformation
and wear of the surface is not captured well by the simple wear model applied, consequently the
modelled results from this and the subsequent unloading steps are generally poor. The range of
values which can be produced by the model is relatively large, in the worst case approximately
50 % of the maximum value. This high variation is a result of the application of different
assumptions of how the ultrasound transducer should be treated, and natural variation
associated with the random nature of surface geometry. Agreement between the model and the
experiment was best for the highest roughness case. In the model, this case also showed the
lowest random variation between sampled areas and the least dependence on the size of the
area used for the contact stiffness measurement. Further inspection of the results from the
highest roughness model showed less pronounced edge effects than seen with either of the
lower roughnesses. This is in line with the prediction made in section 3.1 that the larger the

roughness, the more gradual the local pressure distribution, as shown in previous literature
(50,51).

The variation between different sampled areas of the same size is a natural result of the semi
random geometry of surfaces, while the variation between different size domains is a result of
edge effects which are present both in the model and the real world. The difference between
different size areas is large, unfortunately there is currently no consensus on what the correct
area is. As the ultrasound wave is not uniform on incursion with the contact surface, it is

additionally possible that there is no simple size of area which can be used.
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4.3 Schematic representation of interfacial phenomena
Figure 21 shows a schematic representation of the proposed mechanism for the change at the
interface when the dynamic friction occurs. In the case of low/medium roughness, the summits
of asperities are plastically deformed and make adhesive contacts at individual bonds due to the
material similarity of the two bodies in contact. As the tangential load is applied and the Coulomb
limit is approached, interfacial fracture begins to occur at each bond (53), and friction and
stiffness simultaneously drop. This fracture is thought to occur microscopically at first, but
quickly propagates to the entire interface as a macro-slip (54). With macro-slip, new asperity
junctions form (un-deformed asperities, previously not in contact), and stiffness begin to rise.
Fantetti et al. (39) have conducted the test of high-frequency shear vibration and investigated
the interface condition using ultrasound and reported that the reduction of ultrasound
transmission (reduction of contact stiffness). They attributed this to the occurrence of interfacial

separation due to slippage, which will also be applicable to the phenomenon in this study.

On the other hand, in the case of high roughness, macroscale effects (i.e. each large machined
peak) dominate as opposed to individual asperities (microscale). The summits of asperities also
conformed, but the penetration of asperities is greater than the smoother interface because of
the higher local pressure (55). With the application of tangential load, the asperities plastically
deform rather than break bonds owing to the interlocking of the summits due to penetration and
the greater heights of asperities. In the field of metal forming, it is widely known that bulk plastic
deformation occurs during shearing as the contact pressure increases (56,57). Considering the
greater asperity as a separated bulk body, it is possible that the plastic deformation of the
asperity took precedence over the micro-slip. Hence, the contact stiffness gradually increases as
a consequence from static/quasi-static friction to the dynamic friction. The bottom specimen in
the high roughness condition was machined (milled) at a pitch of 0.8 mm, resulting in the
formation of peaks at this pitch. This can be seen in Fig. 14(c). The slip distance for the high
roughness condition was about 0.5 mm (see Fig. 11(c)), which is smaller than the spacing of the
asperities. As the asperity pitch is sufficiently long in relation to the slip distance, plastic
deformation may continue throughout the entire slip process. Therefore, asperity breakage
(wear) and the formation of new contacts, as in the low/medium roughness condition, would be

less likely to occur and the increase in contact stiffness could be reduced.
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Fig. 21 Schematic representation of the proposed mechanism of the change at the interface when

the dynamic friction occurs.

4.4 Relationships between the tangential stress and contact stiffness

Figure 22 shows the relationship between the tangential contact pressure and the normalized
contact stiffness from quasi-static to dynamic friction. It should be noted that the contact
stiffness was normalized as the initial value by the contact stiffness before the application of
tangential stress. In the low and the medium roughness condition, the contact stiffness was
partly below one because there was a large drop in contact stiffness at the beginning of slip, as
shown in Fig. 12. It was found that most of those increased with the tangential stress as well as
the normal stress dependency in Fig. 10 and 13. This phenomenon is interesting because It
shows a cycle between the application of tangential stress and the change in contact condition:

e Tangential stress is applied.

e The asperity deforms until it can withstand the tangential stress and the contact

stiffness increases (interface becomes stiffer).

e The tangential stress is increased and the contact stiffness is increased again.

30



In other words, this is the initial stage of the running-in process, where the interface becomes
harder and more resistant to tangential displacement as the conformity of the interface
increases (26,27). The dependency on tangential stress showed more scattering compared with
the normal stress. It is thought that the change of surface asperities at slip interface is more
complicated than the purely compressed interface which was constrained in the loading

direction, because the friction joints could separate with relative motion.
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Fig. 24 Relationships between the tangential stress and normalized contact stiffness from quasi-

static to dynamic friction.

4.5 Directional dependence of contact stiffness at the friction interface
Throughout all the results, there was little difference in the contact stiffness between the
directions, normal, radial and circumferential. This can be seen from the fact that there is no
difference between the radial and circumferential directions in the roughness profile after the
test in Fig. 14. In particular, Figs.11 and 12 compared the change in contact stiffness in each
direction under tangential load, which was almost uniform for all roughness conditions. Based
on Nagy's assumption that the ratio of tangential to normal stiffness is affected by the aspect
ratio of the cavities (58), it could be said that the shape of the cavities did not change significantly
under the friction conditions of the present study, which simulated wheel-rail contact conditions.
In other words, these results showed that the behaviour of the tangential contact stiffness can
be roughly predicted by measuring the normal contact stiffness. However, such behaviour can
be dependent on the material, roughness and friction conditions. In particular, the short slip
distance of less than 1 mm in this case may have prevented the anisotropy from becoming

apparent, which needs to be investigated further.

5. Conclusions

Aiming to understand the influence of the roughness on the dynamic friction behaviour
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between the wheel and rail, ultrasonic reflectometry was applied to the HPT test approach, and

in-situ evaluation of the contact condition was carried out. From the results of evaluation, the

following conclusions can be drawn:

(1)

(2)

(3)

(4)

The application of the ultrasound reflectometry to the HPT test approach enabled in-situ
evaluation of the friction interface under extremely high contact pressure and gave the
information about continuous change of interfacial topographies and contact stiffnesses
with friction. It is thought that this technique can be applied not only to the wheel-rail
interface, but also to general high contact pressure interfaces.

The effect of roughness on the change in contact stiffness during the transition from static
and quasi-static friction modes to dynamic friction mode could be evaluated. In the low
roughness condition, a temporary decrease and subsequent increase in contact stiffness
was observed when macroscopic slips occurred, suggesting a breakdown of the interface
and the formation of new asperity junctions. In the high roughness conditions, the effect of
plastic deformation of the macroscopic roughness asperities was pronounced. The contact
stiffness gradually increased with tangential stress loading.

Numerical calculations using real surface topography could reproduce the change in contact
stiffness under a series of test conditions: loading, slip and unloading. Particularly for the
high roughness condition, the experimental and numerical results were in good agreement
and the fluctuation due to the different calculation domains was small.

There was the positive relationship between the slip distance and the contact stiffnesses. It
was considered to indicate that the wear and plastic deformation of the asperities
progressed and conformed along with the increase of the slip distance. The dependency of
the direction on the contact stiffness was not significant and they were considered to change

almost uniformly.

Funding

M. Watson would like to acknowledge the EPSRC contribution via the Programme Grant

“Friction: The Tribology Enigma” EP/R001766/1.

References

1.

Fletcher DI, Sanusi SH. The potential for suppressing rail defect growth through tailoring
rail thermo-mechanical properties. Wear [Internet]. 2016;366-367:401-6. Available from:
http://dx.doi.org/10.1016/j.wear.2016.06.022

Ahlstrom ], Karlsson B. Microstructural evaluation and interpretation of the mechanically
and thermally affected zone under railway wheel flats. Wear. 1999;232(1):1-14.

Lewis R, Dwyer-Joyce RS, Olofsson U, Pombo ], Ambrésio ], Pereira M, et al. Mapping railway

32



10.

11.

12.

13.

14.

15.

16.

wheel material wear mechanisms and transitions. Proc Inst Mech Eng Part F ] Rail Rapid
Transit. 2010;224(3):125-37.

Olofsson U, Telliskivi T. Wear, plastic deformation and friction of two rail steels - A full-scale
test and a laboratory study. Wear. 2003;254(1-2):80-93.

Kumar S, Yu G, Witte AC. Wheel-rail resistance and energy consumption analysis of cars on
tangent track with different lubrication strategies. Proc IEEE/ASME ]t Railr Conf. 1995;129-
36.

Eadie DT, Santoro M, Kalousek ]. Railway noise and the effect of top of rail liquid friction
modifiers: Changes in sound and vibration spectral distributions in curves. Wear.
2005;258(7-8):1148-55.

Fukagai S, Ban T, Ogata M, Ishida M, Namura A. Development of wheel/rail Friction
Moderating System (FRIMOS). Q Rep RTRI (railw Tech Res Institute). 2008;49(1).

Shust WC, Elkins JA. Wheel forces during flange climb part I - track loading vehicle tests. In:
Railroad Conference, 1997, Proceedings of the 1997 IEEE/ASME Joint. 1997. p. 137-47.
Ishida H, Miyamoto T, Maebashi E, Doi H, lida K, Furukawa A. Safety assessment for flange
climb derailment of trains running at low speeds on sharp curves. Q Rep RTRI.
2006;47(2):65-71.

Matsumoto A, Sato Y, Ohno H, Tomeoka M, Matsumoto K, Kurihara |, et al. A new measuring
method of wheel-rail contact forces and related considerations. Wear. 2008;265(9-
10):1518-25.

Kleiner O, Schindler C. Geometrie und Druckspannungen im Rad/Schiene-Kontakt. EI-
Eisenbahningenieur. 2011;(4):9-12.

Dorner F, Korblein C, Schindler C. On the accuracy of the pressure measurement film in
Hertzian contact situations similar to wheel-rail contact applications. Wear [Internet].
2014;317(1-2):241-5. Available from: http://dx.doi.org/10.1016/j.wear.2014.06.010
Hung C, Doi H, Nunotani K, Lin S. Experiments to measure stress with the wheel/rail contact
using embedded FBG sensors. In: 9th International Conference on Contact Mechanics and
Wear of Rail/Wheel Systems. Chengdu; 2012. p. 752-757.

Pau M. Estimation of real contact area in a wheel-rail system by means of ultrasonic waves.
Tribol Int. 2003;36(9):687-90.

Marshall MB, Lewis R, Dwyer-Joyce RS, Olofsson U, Bjorklund S. Experimental
Characterization of Wheel-Rail Contact Patch Evolution. ] Tribol [Internet].
2006;128(3):493-503. Available from:
http://tribology.asmedigitalcollection.asme.org/article.aspx?articleid=1467557
Dwyer-Joyce RS, Yao C, Zhang |, Lewis R, Drinkwater BW. Feasibility Study for Real Time

Measurement of Wheel-Rail Contact Using an Ultrasonic Array. ] Tribol [Internet].

33



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

2009;131(4):041401. Available from:
http://tribology.asmedigitalcollection.asme.org/article.aspx?articleid=1468335

Pau M, Leban B. Ultrasonic assessment of wheel-rail contact evolution exposed to artificially
induced wear. Proc Inst Mech Eng Part F ] Rail Rapid Transit. 2009;223(4):353-64.
Dwyer-Joyce RS, Yao C, Lewis R, Brunskill H. An ultrasonic sensor for monitoring wheel
flange/rail gauge corner contact. Proc Inst Mech Eng Part F ] Rail Rapid Transit.
2013;227(2):188-95.

Brunskill H, Hunter A, Zhou L, Dwyer Joyce R, Lewis R. An evaluation of ultrasonic arrays for
the static and dynamic measurement of wheel-rail contact pressure and area. Proc Inst
Mech Eng Part ] ] Eng Tribol. 2020;234(10):1580-93.

Zhou L, Brunskill HP, Lewis R, Marshall MB, Dwyer-Joyce RS. Dynamic characterisation of
the wheel/rail contact using ultrasonic reflectometry. Civil-Comp Proc. 2014;104:1-13.
Zhou L, Brunskill HP, Lewis R. Real-time non-invasive measurement and monitoring of
wheel-rail contact using ultrasonic reflectometry. Struct Heal Monit [Internet].
0(0):1475921719829882. Available from: https://doi.org/10.1177/1475921719829882
Kendall K, Tabor D. An Ultrasonic Study of the Area of Contact between Stationary and
Sliding Surfaces. Proc R Soc A Math Phys Eng Sci [Internet]. 1971;323(1554):321-40.
Available from: http://rspa.royalsocietypublishing.org/cgi/doi/10.1098/rspa.1971.0108
Tattersall HG. The ultrasonic pulse-echo technique as applied to adhesion testing. ] Phys D
Appl Phys. 1973;6:819-32.

Rovira A, Roda A, Marshall MB, Brunskill H, Lewis R. Experimental and numerical modelling
of wheel-rail contact and wear. Wear [Internet]. 2011;271(5-6):911-24. Available from:
http://dx.doi.org/10.1016/j.wear.2011.03.024

Pau M, Leban B, Guagliano M. Propagation of Sub-surface Cracks in Railway Wheels for
Wear-induced Conformal Contacts. ] Mech Syst Transp Logist [Internet]. 2010;3(1):226-35.
Available from: http://joi,jlc.jst.go.jp/]ST.JSTAGE/jmtl/3.226?from=CrossRef

Fukagai S, Ma L, Lewis R. Tribological aspects to optimize traction coefficient during
running-in period using surface texture. Wear. 2019;424-425(January):223-32.

Fukagai S, Brunskill HP, Hunter AK, Dwyer-Joyce RS, Lewis R. Transitions in rolling-sliding
wheel/rail contact condition during running-in. Tribol Int [Internet]. 2019; Available from:
https://linkinghub.elsevier.com/retrieve /pii/S0301679X19301574

Pesaresi L, Fantetti A, Cegla F, Salles L, Schwingshackl CW. On the Use of Ultrasound Waves
to Monitor the Local Dynamics of Friction Joints. Exp Mech. 2020;60(1):129-41.

Evans M, Skipper WA, Buckley-Johnstone L, Meierhofer A, Six K, Lewis R. The development
of a high pressure torsion test methodology for simulating wheel/rail contacts. Tribol Int

[Internet]. 2021;156(September 2020):106842. Available from:

34



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

https://doi.org/10.1016/j.triboint.2020.106842

Buckley-Johnstone LE, Trummer G, Voltr P, Meierhofer A, Six K, Fletcher DI, et al. Assessing
the impact of small amounts of water and iron oxides on adhesion in the wheel/rail
interface using High Pressure Torsion testing. Tribol Int [Internet].
2019;135(February):55-64. Available from: https://doi.org/10.1016/j.triboint.2019.02.024
Schoenberg M. Elastic wave behavior across linear slip interfaces. ] Acoust Soc Am
[Internet]. 1980;68(5):1516-21. Available from:
http://asa.scitation.org/doi/10.1121/1.385077

Dwyer-Joyce RS, Gonzalez-Valadez M. Ultrasonic Determination of Normal and Shear
Interface Stiffness and the Effect of Poisson’ s Ratio. Transient Process Tribol. 2004;143-9.
Gonzalez-Valadez M, Baltazar A, Dwyer-Joyce RS. Study of interfacial stiffness ratio of a
rough surface in contact using a spring model. Wear [Internet]. 2010;268(2-3):373-9.
Available from: http://dx.doi.org/10.1016/j.wear.2009.08.022

O0’Connor J], Johnson KL. The role of surface asperities in transmitting tangential forces
between metals. Wear. 1963;6(2):118-39.

Krolikowski ], Szczepek J. Assessment of tangential and normal stiffness of contact between
rough surfaces using ultrasonic method. Wear. 1993;160(2):253-8.

Medina S, Nowell D, Dini D. Analytical and numerical models for tangential stiffness of rough
elastic contacts. Tribol Lett. 2013;49(1):103-15.

Drinkwater BW, Dwyer-Joyce RS, Cawley P. A study of the interaction between ultrasound
and a partially contacting solid—solid interface. Proc R Soc London Ser A Math Phys Eng Sci
[Internet]. 1996 Jan 1;452(1955):2613-28. Available from:
https://doi.org/10.1098/rspa.1996.0139

Dwyer-Joyce RS, Drinkwater BW, Quinn AM. The Use of Ultrasound in the Investigation of
Rough Surface Interfaces. ] Tribol [Internet]. 2001;123(1):8. Available from:
http://tribology.asmedigitalcollection.asme.org/article.aspx?articleid=1466266

Fantetti A, Mariani S, Pesaresi L, Nowell D, Cegla F, Schwingshackl C. Ultrasonic monitoring
of friction contacts during shear vibration cycles. Mech Syst Signal Process. 2021;161.
Fukagai S, Brunskill HP, Hunter AK, Dwyer-Joyce RS, Lewis R. Transitions in rolling-sliding
wheel/rail contact condition during running-in. Tribol Int [Internet]. 2020;149(August
2018):105679. Available from: https://doi.org/10.1016/j.triboint.2019.03.037

Howard T. Development of a Novel Bearing Concept for Improved Wind Turbine Gearbox
Reliability. The University of Sheffield; 2016.

Greenwood JA, Williamson JBP. Contact of nominally flat surfaces. Proc R Soc London Ser A.
1966;295(1442):300-109.

Nayak PR. Random process model of rough surfaces in plastic contact. Wear.

35



44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

1973;26(3):305-33.

Kim JY, Baltazar A, Rokhlin SI. Ultrasonic assessment of rough surface contact between
solids from elastoplastic loading-unloading hysteresis cycle. ] Mech Phys Solids.
2004;52(8):1911-34.

Pohrt R, Li Q. Complete boundary element formulation for normal and tangential contact
problems. Phys Mesomech. 2014;17(4):334-40.

Azam A, Dorgham A, Morina A, Neville A, Wilson MCT. A simple deterministic
plastoelastohydrodynamic lubrication (PEHL) model in mixed lubrication. Tribol Int
[Internet]. 2019;131(October 2018):520-9. Available from:
https://doi.org/10.1016/j.triboint.2018.11.011

Vollebregt EAH. The Bound-Constrained Conjugate Gradient Method for Non-negative
Matrices. ] Optim Theory Appl. 2014;162(3):931-53.

Pohrt R, Popov VL. Contact stiffness of randomly rough surfaces. Sci Rep. 2013;3:1-6.
Nowell D, Mulvihill D, Brunskill H, Kartal M, Dwyer-Joyce R. Measurement and modelling of
interface stiffness in frictional contacts. In: Proceedings of 5th World Tribology Congress,
WTC 2013. Torino; 2013.

Greenwood JA, Johnson KL, Matsubara E. A surface roughness parameter in Hertz contact.
Wear. 1984;100(1-3):47-57.

Tiwari A, Persson BN]. Cylinder-Flat Contact Mechanics with Surface Roughness. Tribol Lett
[Internet]. 2021;69(1):1-7. Available from: https://doi.org/10.1007 /s11249-020-01380-z
Tabor D. Junction Growth in Metallic Friction : The Role of Combined Stresses and Surface
Contamination. Proc R Soc London Ser A. 1959;1266(May 2016):378-93.

Rabinowicz E. The nature of the static and kinetic coefficients of friction. ] Appl Phys.
1951;22(11):1373-9.

Maegawa S, Suzuki A, Nakano K. Precursors of global slip in a longitudinal line contact under
non-uniform normal loading. Tribol Lett. 2010;38(3):313-23.

Nagase N, Shido S, Yarita I. The effect of lubricant on microwear of dull rolls in temper
rolling by 4 hi rolling mill. ISI] Int. 2009;49(6):874-80.

Shaw MC, Ber A, Mamin PA. Friction Characteristics of Sliding Surfaces Undergoing
Subsurface Plastic Flow. ] Basic Eng [Internet]. 1960;82(2):342-5. Available from:
http://dx.doi.org/10.1115/1.3662595

Wanheim T, Bay N, Petersen AS. A theoretically determined model for friction in metal
working processes. Wear [Internet]. 1974 May 1 [cited 2018 Apr 21];28(2):251-8. Available
from: https://www.sciencedirect.com/science/article/pii/0043164874901653

Nagy PB. Ultrasonic classification of imperfect interfaces. ] Nondestruct Eval. 1992;11(3-
4):127-39.

36



37



