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Abstract

Flange climb derailment is most likely to occur during the wheel-rail running-in
phase, such as just after the railway vehicle wheels have been re-profiled or during
morning rush hour. It is thought that the underlying cause is an increase in traction
due to changes in the contact between wheel and rail. However, the mechanism of this
increase in traction remains a subject of continuing controversy. Active ultrasonic
measurements have been effectively used to measure wheel-rail contact conditions,
particularly the contact stiffness. In this study, the ultrasonic method is used to
characterise the wheel-rail contact during running-in whilst the surface roughness of
the wheel reduces due to cyclic loading against the rail. An array of sensors was
mounted behind the wheel flange so as to reflect ultrasound directly from the contact.
An initial investigation was carried out to understand the measurement resolution of
this ultrasonic array transducer. A static measurement was then performed by
traversing the ultrasonic array transducer across the wheel when statically loaded
against the rail. Following this, the same array transducer was fixed to the wheel and
dynamic measurements were carried out. These measurements were cyclic to
investigate the effect on changing surface topography. From this, the relationship
between the slip and the contact stiffness was investigated. It was found that an
increase of contact stiffness was measurement after slip motion was recognized. Both
the static and dynamic measurements showed a difference in the wheel-rail contact
conditions. In the case of the rolling condition, the peak position of the contact
stiffness in the contact area shifted from the centre of the contact to the exit side. From
the cyclic rolling tests, it was observed that the change in surface topography resulted
in an increase in interfacial contact stiffness. This phenomenon indicates that there is
an increase in real area of contact between the wheel flange and the rail gauge corner
during running-in.

Keywords: flange climb derailment, running-in, contact stiffness, real contact area,
ultrasonic measurements.
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1 Introduction

When a railway vehicle negotiates a sharp curve or a turnout on railway tracks, the
wheel flange contacts the rail gauge corner to guide the running direction. The contact
at this location is severe with high stress, slip and friction. In some cases, it can lead
to flange climb derailments. Several derailments have occurred relatively soon after
the re-profiling of the wheel [1-3] or during morning rush hour [4]. Some experimental
results using a twin-disk test machine showed that the coefficient of friction reached
its peak during running-in [5, 6]. As the wheel flange and rail gauge corner experience
highly loaded cyclic rolling, the surface topography changes [7, 8] and therefore the
real area of contact and contact stiffness alters dramatically during running-in.
Therefore, it is important to understand how these contact conditions evolve over time
to understand the potential mechanisms for flange climb derailment. However, the
difficulty in obtaining accurate non-destructive interfacial measurements has hindered
systematic experimental investigations. An increased understanding of these effects
might inform rail service providers about optimal wheel profiling methods and
lubrication programs to reduce the likelihood of flange climb derailment.

Pressure-sensitive films can be used to observe contact area and stress. However,
these films may cause over-prediction of the contact area owing to thickness of the
film and changes in tangential force due to its different frictional properties. Practical
implementation is also difficult because the film disintegrates under the high-pressure
and shear between the wheel and the rail [9]. Recently, ultrasonic techniques have
been used to observe the contact between wheel and rail [10-20]. This technique can
be used to non-invasively and directly observe the contact. However, there are spatial
resolution limits, considerations of transducer positioning to ensure the soundwaves
reflect off the area of interest. 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. Determining real area of
contact and friction from the contact stiffness is not uniquely possible, but empirical
correlations have shown that for most practical loads, there is a linear relationship
between contact stiffness and contact pressure [15, 16, 18]. This approach has been
used to determine the contact pressure distribution in wheel-rail contacts, and the
influence of wear, roughness and surface defects on the contact patch [12, 14, 16].

Recently, the dynamic measurement of a rolling contact condition has been
achieved [20]. These results were based on one- or two-time contact tests and changes
caused by cyclic rolling contact were not investigated. Information that considers the
change in surface condition and contact under cyclic loading, is one of the key factors
needed to investigate the tribological mechanism of flange climb derailment.

In this study, ultrasonic reflection was used to evaluate changes in the contact
condition, particularly the contact stiffness over time as running-in occurs. The
contact stiffness is a function of the surface topography, the surface material
properties and the applied pressure. The experiments were performed using a full-
scale wheel/rail contact-testing machine. A focused ultrasonic array probe consisting
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of sixty-four ultrasonic elements was mounted in a water bath behind the wheel flange.
An initial body of work was carried out to characterise the transducer resolution. Static
measurements were achieved by scanning the transducer across the contact. Following
this, the transducer was mounted on the wheel and dynamic tests were performed
building up a two-dimensional contact profile as the array passed over the contact.
The aim was to understand the influences of slip, and cyclic rolling contact on the
gauge corner contact.

This paper follows from previous work of Fukagai et al. [21], but extends the
approach to include the analysis of contact stiffness variation; and the influence of the
relative slip between wheel and rail. Slip is an important factor because it leads to
increased plastic flow and dramatic changes in surface roughness. The static contact
condition was evaluated with the gradual increase of lateral tangential force under the
constant normal force to investigate the relationship between the slip motion and
contact stiffness.

2 Principle of measurement

When an ultrasonic pressure wave strikes an interface between the two materials, a
part of the incident ultrasonic wave is transmitted through the interface and the other
portion is reflected from the interface. For an atomically perfect interface of two
dissimilar materials, the proportion of the reflected wave, described by the reflection
coefficient R, is dependant on the acoustic impedance mismatch between the two
materials and is given in [22]

R=2— (1)
z,+2z

where zi and z are the acoustic impedances (which are the products of density and
acoustic velocity) of the contacting materials. Therefore, for two perfectly bonded
identical materials, the interface would have no reflection (z1 = z2, R = 0) and the entire
wave is transmitted (without any losses). Conversely, an ultrasonic wave is almost
completely reflected at an interface between two materials with substantially different
acoustic impedances, as in the case of a solid and a gas (R = 1).

Real engineering interfaces are inherently rough and micro and macroscopic air
gaps are formed at an interface. Presuming the length of the ultrasonic wave is long
relative to the size of the air gaps the whole interface behaves as a single reflector and
therefore R is also dependant on the contact stiffness of the interface.

The contact stiffness, K, is a function of the surface topography, surface material
properties and the contact pressure. As the surface topography changes due to elastic
and plastic deformation, the measured reflection coefficient R will change accordingly
as shown in Figure 1. In principle, the degree of conformity at the interface can be
determined by measuring the reflection coefficient of the ultrasonic wave.
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Figure 1: Principle of measurement

Schoenberg [22] used an interface ‘spring model’ showed that the reflection
coefficient is then obtained from

R=?2"4 +iw(zz,/K) @
z,+2z, +ia)(z,zz/K)’

where w is the angular frequency of the ultrasonic wave and X is the interfacial contact
stiffness. In the case of present work, the materials on both sides of the interface are
similar (z1 = z2= z), then Equation (2) reduces to:

1

J1+CK/@z)} ®)

[R|=

Therefore, if the reflection coefficient, R, can be experimentally obtained, the
contact stiffness, K can be estimated. Although some research [15, 16, 18] has been
carried out to seek the contact pressure using a linear relationship between the contact
stiffness and the contact pressure, it is only applicable under the assumption of a
constant roughness and material properties. In this paper, the effect due to the change
in surface roughness and material properties with cyclic contact was investigated so
it was not possible to calculate the contact pressure.

Many researchers [10-20] have obtained the reflection coefficient R as the ratio of
the reflected ultrasonic wave amplitude under load, A, to that when unloaded, Ho (the
reference).

RzH—O. 4)

When unloaded the contact is effectively steel against air and so the wave is fully
reflected and Ho is equivalent to the incident wave amplitude. This is a simple
practical way to obtain the reflection coefficient and removes the influence of
transducer characteristics and ultrasonic wave scattering.
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3 Experiments

3.1 Ultrasonic measurement system

An ultrasonic measuring instrument consisting of an array transducer (Olympus,
10L64-11) and pulsing-receiving-digitising instrumentation (Olympus, OmniScan
MX) was employed for this work. The transducer was the immersion type and the
frequency was 10 MHz. The transducer consisted of sixty-four linear elements spaced
at regular intervals of 0.5 mm. These elements synthesize multiple beam components
and emit multiple ultrasonic waves to form a single wave traveling in the intended
direction. And the receiving function combines inputs from multiple elements and
performs a single display in the same way. Controlling the excitation timing of these
elements enables beam focusing to an arbitrary depth, the beam steering in the
arbitrary direction and the high-speed data acquisition in the array direction of the
elements. A curved wedge was used to adjust the focus on the short side of assembly,
where no array existed.

The signals of the reflected wave were rectified to all be a positive value and the
peak value of these rectified signals within the selected depth range were acquired.

3.2 Experimental devices

Figure 2 shows a schematic illustration of the calibration test setup used to assess the
transducer resolution. The set-up consisted of the ultrasonic array transducer mounted
on a linear scanning system. A steel block section of 15 mm thickness was cut from a
full wheel and was mounted on another cuboid steel block. The array transducer was
focused onto the contacting interface. The path length in water to achieve a focus on
the back face of the steel block was 12 mm. These values are the same as with the
full-scale measurement. The transducer records a linear scan of reflection coefficient.
As it is traversed across the contact, the result is a two-dimensional scan of the
interface. The actual nominal contact area is known from the cuboid block geometry,
allowing a comparison between the measured area thus informing the resolution of
the system.

Transducer .
Focusing wedge —]

Scanning Linear encoder
—_—

Side view

Scanning
— s,

) Wheel steel
Top view

Figure 2: Schematic illustration of the calibration steel block for the detection of the
spread of ultrasonic wave
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Figure 3 shows a schematic illustration of the full-scale testing machine, which is
equipped with an actual wheel and rail loaded upside down on it. It can apply a vertical
load of up to 50 kN, a lateral load of up to 40 kN and a rail longitudinal load of up to
20 kN using hydraulic cylinders to push the rail. The rail is moved at a velocity of up
to 100 mm/s in the longitudinal direction. Although the wheel exhibits no driving
performance, it is rotated by the force generated due to the friction between the wheel
and the rail. The angle of attack is changeable from -3-degree to +3-degree by
adjusting the plate on which the rail is mounted. A water bath was mounted on a
modified wheel. The immersion transducer was mounted on a scanning system for the
static measurements and was fixed in place for the dynamic measurements.

Hydraulic cylinder R .
(Vertical direction) Load cell > Short side

Load cell (Vertical direction)

(Vertical direction) Hydraulic cylinder
| ongitudmal direction)

Elements

Long side

Array probe

Wheel flange

/)

Load cell R
(Longitudinal direction) | Rail gauge .

\_comer T/

Hydraulic cylinder Elements

(Lateral direction)

Load cell
(Lateral direction)

Adjusting plate of angle

of attack Focusing wedg

Cross section | Transducer

Figure 3: Schematic of the full-scale testing machine

Figure 4 shows the wheel flange forces acting on the rail gauge corner and the
transducer position. Figure 5 shows the profiles of the wheel and the rail that were
used in the tests. Both the wheel and the rail were new unused and the profile of the
wheel was “modified arc tread” and that of the rail was “50kgN”. The rail contacts
with the wheel flange at one contact patch around the straight section of the wheel
flange. The rail was mounted on the testing machine without an angle of cant. In the
test machine a vertical load P and lateral load Q were applied; but for defining the test
conditions these were used to determine the normal force N and the lateral tangential
force Fy with the following equations:

N =Pcosa+Qsina, )
Fy=Psina-Qcosa, (6)

where ais the contact angle (65° in this experiment).
The longitudinal tangential force Fx was set independently of the vertical load P

and lateral load Q. It should be noted that the tangential force coefficient, which is
described later, means F)/N. As shown in Figure 4, the ultrasonic wave was pulsed
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from a transducer mounted on the wheel flange. The backside of the wheel flange was
cut to maintain a constant water path distance between the ultrasonic transducer and
the straight section of the flange surface. As in the calibration specimen described
above, the wheel was 15 mm thick and the transducer path length in water was 12
mm.

Figure 4: Illustration of the wheel flange forces acting on the rail gauge corner and
transducer position
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Figure 5: Profiles of the wheel and the rail showing the approximate location of
the contact region

3.3 Static measurement method

Figure 6 shows schematics and a photograph of the static measurement method. The
transducer was attached to an electric linear stage set behind the wheel flange. The
rail was pushed to the wheel flange by predefined lateral and vertical loads. The static
contact condition between the wheel flange and the rail gauge corner was scanned
when the transducer passed through the contact patch via the linear motion of the
electric stage. The linear encoder attached to the transducer holder measured its
position. In this way the distribution of R on the rectangular coordinate was obtained
from an electronically scanned position by the array along the lateral direction of the
wheel flange (y-axis, Fy direction in Figure 4) and the transducer movement distance
along the longitudinal direction of the rail (x-axis). The sampling interval in the lateral
and longitudinal directions was 0.25 and 0.2 mm, respectively. Although the spacing
of the elements in the array was 0.5 mm, the sampling interval was improved to 0.25
mm different combinations of group elements. Figure 7 shows an example of this. In
this case, a sample interval of 0.25 mm is obtained by using 7 elements and 8 elements
alternately.
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Initially, the set-up condition of the load for comparison with the rolling
measurement was determined as follows: The normal force was 15 or 25 kN and the
lateral tangential force was 0 kN (No. 1-1, 1-2). Then the lateral tangential force was
increased stepwise with a fixed normal force, either 15 kN or 25 kN, to investigate the
influence of slip (No. 2-1, 2-2). The angle of attack was set at 0° for the entire test.

Moving direction of the transducer

[ f

: =T
S
(

[ IR
Ly y

Lateral direction(y),
Contactpatch

L —

Longitudinal direction (x)

Figure 6: Schematics and photograph of the method for static measurement

Active elements Active elements
—r
Without combination With combination

Figure 7: An example of the combination of the different grouped elements to
increase sampling interval

3.4 Rolling measurement method

Figure 8 shows schematics and a photograph for the rolling measurement method.
Again, the transducer was set directly behind the wheel flange. The rail was pushed
longitudinally after it contacted the wheel flange and bidirectionally moved along with
the longitudinal direction. The frictional force between the wheel and rail caused the
wheel to rotate. The rolling contact between the wheel flange and the rail gauge corner
was scanned when the transducer passed through the contact patch as the wheel
rotated. The rotary encoder attached to the wheel tread that rotated with the wheel
measured the rotational angle of the wheel. In this way, the distribution of R on the
polar coordinate was obtained from the transducer scanning position along the radial
direction (y’-axis) and rotational distance (angle) (x’-axis) of the wheel. An array of
R data could be obtained at every constant pitch of rotation angle that was detected by
the rotary encoder. By coordinate change using the information of the position on the
radial direction where the transducer was set and the rotation angle, the distribution
of R in rectangular coordinates could be obtained. The sample interval of R and the
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rotational angle interval were 0.25 mm and 0.011°, respectively. After the coordinate
change, the sample interval in the lateral direction (y-axis) and longitudinal direction
(x-axis) were 0.25 and 0.2 mm, respectively.

The load set-up for the rolling measurement was determined as follows: normal
forces of 15 and 25 kN and a lateral tangential force of 0 kN. The rolling measurement
was carried out not only during one-time rolling (No. 3-1, 3-2) but also during cyclic
rolling (No. 4-1, 4-2) to investigate the changes of contact condition during running-
in. The number of cyclic rolls was 10 or 19 (5 or 9.5 round trips). The wheel flange
surface and rail gauge corner were smoothed using sandpaper before each test. The
angle of attack was set at 0°.

Rotation direction of the transducer and the wheel

d ..

Wheel
Rotary encoder

Contact patch

Rotational direction (x') ,
S

Figure 8. Schematics and photograph of the method for dynamic measurement.
4 Experimental results

4.1 Measurement of spatial resolution

The distribution of the reflection coefficient R on the bottom of steel block that had a
cuboid projection (Figure 2) was measured and the spread of the ultrasonic wave was
investigated. Figure 9 shows the distribution of R. Here, the value of R that is larger
than a threshold value, R:, was regarded as the background and the area was filled. R;
is defined by the following equation:

R =R, —3s, (7)

where R. is the average value in the area, which is not within the square projection,
and s is the standard deviation in the same area. As shown in Figure 9, the region of
contact can clearly be seen. However, the relatively large size of each transducer
element means that the sharps edges are effectively blurred; this limits spatial
resolution. The cross sections through the R data show the spread of the ultrasonic
wave was approximately 2-3 mm either side of the x- and y-axes. This indicates the
anticipated spatial resolution of this method.



10 S. Fukagai, et al. — Int J Railway Tech, 7(3), 1-20, 2018

y-axis

Actual shape Actual shape
1 1 = 1 U
Actual shape E 1.0 \IZ 0 ; 1.0 \\IZ I/
3] I 1 3] | I
= 0.8 &= 08 T T
o) [}
Q ! Q | J
o o
- 06 l‘ - 06 y
il A il
5 04 \ " G 04 \
Q 1 1 by I
= 1 1 S 1 L
@ 0. @ 0.
g 02 ] ‘\ 1 g %2 |\ /I
0.0 1 £l 0.0 | |
0.0 10.0 20.0 0.0 10.0 20.0
x-axis (mm) y-axis (mm)

0 .~ 1.00
Reflection coefficient

Figure 9: Distribution of R measured from the calibration test block shown in
Figure 2.

4.2 Static contact results

Table 1 shows the static measurement test parameters. The test series No.1 and the
series No.2 were conducted contiguously without separating the wheel and rail. The
wheel flange surface and rail gauge corner were smoothed using sandpaper (#80) to
initialize the surface condition; and the roughness was measured before each test.
Series No.1 has static contact under only applied normal force; whilst series No.2 is
static contact with applied lateral tangential force.

Test Name No. 1-1 | No. 1-2 No. 2-1 No. 2-2
Normal force, N [kN] 15.1 249 14.9~15.1 | 24.8~25.3
Lateral tangential force F, [kN] 0.1 0.1 0.0~7.9 0.0~12.6
Longitudinal tangential force, Fi [kN] -0.1 0.4 -0.3~0.0 -0.3~0.1
F/N -0.01 0.00 0.00~0.52 | 0.00~0.51
Surface roughness wheel 0.52 0.38
before test [um] rail 0.89 1.2

Table 1: Test parameters for the static measurement

Figure 10 shows the distribution of the contact stiffness that was measured under
the static contact condition with the normal forces of 15 kN (No. 1-1) and 25 kN (No.
1-2). The theoretical contact pressure distribution is also plotted in Figure 10. For the
theoretical results, the contact area was calculated according to the ‘exact theory’
established by Kalker [23]. For the calculation, the smooth design profiles were used
and the size of grid was 0.5 mm (x-axis) and 0.02 mm (y-axis) in the case of 15 kN
and 0.5 mm (x-axis) and 0.023 mm (y-axis) in the case of 25 kN. Here, the background
area (defined in Section 4.1) has been shaded to compare the contact stiffness maps
with the calculated contact pressure distribution. The measured contact stiffness has
a greater area compared with the theoretical results. It can be seen that the contact
region is blurred by out by approximately 2-3 mm in each direction. This agrees well
with the spread of the ultrasonic wave determined from the calibration experiment of
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section 4.1. The value of contact stiffness increased as the measured point approached
the ellipse centre; the distribution of contact stiffness correlated well with that of the
contact pressure. This agrees with previous studies that suggest a direct or indirect
relationship between R and the contact pressure [10, 14, 15, 16, 24].
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Figure 10: Distribution of measured contact stiffness under static contact with

normal forces of 15 (No. 1-1: upper) and 25 kN (No. 1-2: lower) and the
theoretical distribution of contact pressure for comparison

Figure 11 shows the distribution of contact stiffness which was measured under the

static contact condition of the normal force equalling 15 kN or 25 kN with the addition
of lateral tangential force from 0.0 to 0.5 in the tangential force coefficient F3/N (No.
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2-1,2-2). Here, tangential force coefficient F)/N is defined as the ratio of the tangential
force to the normal force. The peak value increases with the tangential force
coefficient F)/N.
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Figure 11: Plots of measured contact stiffness under static contact with normal force
of 15 kN (No. 2-1: upper) and 25 kN (No. 2-2: lower) and the addition of
lateral tangential force from 0.0 to 0.5 in the tangential force coefficient

The plots show that interface stiffness increases with applied lateral force. For
elastic smooth bodies of identical materials in contact (following Hertz assumptions)
the normal and shear tractions are independent; so increasing the lateral force would
not affect the contact pressure (and hence stiffness). Clearly some non-Hertzian effect
is taking place here.

Figure 12 shows the relationship between the tangential force coefficient and the
contact stiffness. Here, the mean contact stiffness is the mean value over the nominal
contact area. The sum of the contact stiffness is the sum over the nominal contact area
which has been normalized by the sum in the case where F,/N=0. The nominal contact
area has been defined as the cells where R is smaller than the background value, Rt
which was defined in Section 4.1. The plot shows that the change in mean contact
stiffness is small up to F,/N=0.3; and then significantly increases over Fy/N= 0.4.
Figure 11 showed that there were slight slips along with the minor axial direction over
0.4 in Fy/N. The results indicate that increased lateral stress causes asperity plastic
flow to occur and greater conformity between the wheel and rail and hence the contact
stiffness to increase.
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4.3 Rolling contact results

Table 2 shows the rolling measurement test parameters. The wheel flange surface and
rail gauge corner were smoothed using sandpaper and the roughness was measured
before each test. Here, the grade of the sandpaper in the Test No. 3 was selected #80
to be same with Test No.1 and No.2. On the other side, that in Test No. 4 was selected
#30 to focus on the change with the cyclic contacts and to obtain rougher initial
surface.

Test name No. 3-1 No.3-2 | No.4-1 | No.4-2
Normal force, N [KN] 15.3 24.4 15.1~15.7 | 24.6~254
Lateral tangential force, F, [kN] 0.5 0.2 0.1~1.8 0.2~1.0
Longitudinal tangential force, Fy [kN] 0.5 0.6 -0.1~0.5 -0.2~0.6
Fy/N 0.03 0.01 0.01-0.11 | 0.01-0.04
Surface roughness (Ra) wheel 0.57 0.58 0.93 0.86
before test /um] rail 0.78 1.13 1.29 1.79
Surface roughness (Ra) wheel - - 0.51 0.51
after test /um] rail - - 0.75 0.69
Moving Velocity (mm/s) 2
Repeat Count [round trip] 17051 | 1057 [ 191951 | 10[5]

Table 2: Test parameters for the rolling measurement

Figure 13 shows the distribution of contact stiffness that was measured with the
normal forces of 15 and 25 kN. For comparison, the distribution under the static
condition (Figure 10) was added to the cross-sectional distribution for both major and
minor axes. The peak measured contact stiffness value of the rolling contact condition
was higher than that of the static condition. This is because the surface roughness has
been decreased by wear or plastic flow by the dynamic contact. The peak stiffness
does not occur at the centre, but at the exit side of the contact. This is thought to be
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caused by hysteresis because the exit side corresponds to an unloading process, as has
been observed in previous research [25].
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Figure 13: Distribution of contact stiffness that was measured under the rolling
contact condition with the normal forces of 15 and 25 kN (No. 3-1:
upper, No. 3-2: lower)

The measured length of the major axis for the rolling case was shorter than that for
the static case. This is due to the significant difference in the ultrasonic beam paths
for the two approaches as shown schematically in Figure 14. For the dynamic case,
the ultrasonic wave is focused onto the wheel surface and it remains so throughout the
measurement. Any deflection of the wheel surface would cause the incident angle to
change and thus introduce some error in the measured reflected wave, reporting a
larger drop in R (and hence increase in stiffness) than purely due to interfacial
transmission. With the static case, the linear electric stage traverses the array
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following the parallel path of the rail. This measurement therefore is subject to a wider
footprint of deflection as both the wheel and rails elastically deform hence the static
measurement reports a wider measurement area. It is expected that the wheel was
deformed easier than the rail because the back side of the wheel was cut off for the
measurement.

Transducer i Transducer
(dynamic) (static)

Figure 14: Sketch representing the difference of the static measurement method and
dynamic measurement method

Figure 15 shows the representative distribution of contact stiffness that was
measured under the cyclic rolling with the normal forces of 15 kN (No. 4-1) and 25
kN (No. 4-2) after the Ist, 2nd, 9th and 10th contacts. The peak value has increased
with each contact. The peak position shift shown in Figure 12 was only seen at the
first contact and not seen after the second contact (Figure 14). It is thought that the
majority of the plastic flow and reduction in surface roughness was caused during the
first rolling process.

Figure 16 shows the relationship between the contact stiffness and the number of
contact cycles. Both the mean and sum contact stiffness increased with contact cyclic.
The early cycles cause the majority of plastic flow and hence stiffness increase; and
it seems to be saturated after around ten contacts. Figure 17 shows the arithmetic
average roughness Ra (averaged over three measurements) and examples of
roughness curve before and after the test. As expected the Ra values decrease after
each test.

5 Discussion

The relationship between the contact stiffness and the lateral force was shown in
Section 4.2. This result showed that the contact stiffness increased with increasing
lateral force. The comparison between the static and dynamic measurements was
shown in Section 4.3. The peak position on the distribution of contact stiffness along
with the major axis shifted to the exit side of the contact. Furthermore, the increase
in contact stiffness with the cyclic contacts was shown in Section 4.4. These results
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indicate that the contact stiffness increased due to the increase in real contact area
caused by the smoothing of the surface by the traction and cyclic contacts.

At the beginning of the test, the asperities on each surface come into contact over
a small and therefore high-pressure region. Plastic deformation occurs and the
surfaces become more conformal. When the wheel was rolled on the rail a frictional
force (tangential force) is created at the interface. This increases the shear stress at the
interface and so leads to further plasticity (i.e., the Von Mises or Tresca stress has
been increased). This causes a further reduction in roughness. In addition, traction and
micro-slip might cause a mild wear process to occur. Both the plastic flow and mild
wear would cause an increase in real area of contact and so explains the increased
contact stiffness measured.
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Figure 15: Representative distributions of contact stiffness at the 1%, 2", 9t and 10%
contacts, which were measured under the cyclic rolling contact condition
with the normal forces of 15 kN (No. 4-1) and 25 kN (No. 4-2)
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Figure 16: The relationship between (a) mean contact stiffness (b) summed contact
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Figure 17: Arithmetic average roughness Ra (left hand), and examples of
roughness curve before and after the test (right hand).

Generally, the contact area consists of a mixture of elastic and plastic asperity
contact. The ratio between the elastically deformed area 4. and the plastically
deformed area 4, depends on the surface topography [26, 27]. This is expressed by
the following equation:

N:Iaeae +.[6pa],, ®

where o) is the contact stress at a plastically deformed asperity, e is the contact stress
at an elastically deformed asperity, a, and a. are the contact area at the plastically and
clastically deformed asperity respectively. 4 and Ae correspond to the sum of @, and
the sum of ae.

Because g is larger than e, assuming uniform yield stress among the individual
asperities, the real contact area increases with the ratio of Ae to Ap, Ae/Ap. Since the
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measurements report an increase in contact stiffness, this implies an increase in the
value of 4./Ap, thereby increasing the ratio of 4e to 4p, the sum of 4. and A, (Figure
18). Similarly, it has been reported that the value of 4./4, increases with continued
sliding [26] and ultrasonic pulses are easier to transmit across smoother interfaces
[28].

Plastic contact is dominant
Agt+A,=smalll

o °5 o o’.o o.ookap

ae Plastic contact point
Elastic contact point ﬂ Rolling and Smoothing

Elastic contact is dominant
AtA,=large

000 L e0® 0P ¢P 0, &0

Figure 18: Schematic representation of the increase in the real contact area caused by
plastic flow and mild wear.

The real contact area cannot be easily related to the coefficient of friction because
any adsorbed layer or a slight amount of moisture has a significant effect. However,
adhesion theory suggests that the coefficient of friction is fundamentally dependant
on the size of the real contact area, therefore, these results indicate that the tractive
force and the cyclic rolling during running-in raise one of the factors responsible for
high friction.

6 Conclusions

In this study, a measurement technique using reflected ultrasonic waves was applied
to evaluate the contact between wheel flange and rail gauge corner. The contact area
between the wheel and rail was scanned both statically and dynamically. These tests
investigated the influences of tractive force, rolling contact and cyclic contact on the
contact condition, particularly contact stiffness. The results and implications of the
contact experiments and measurements are as follows:

1. For a given normal load the contact stiffness increased with applied tractive
force. This is suggested to be caused by the resulting increased plastic flow,
reduction in roughness, and therefore increase in real area of contact.

2. During rolling the peak position of contact stiffness in the contact shifted from
the centre to the exit side of the contact. It is thought that this was caused by
the change of surface roughness during the rolling.

3. Most plastic flow occurs during the first contact cycle. However, a smaller
amount occurs over subsequent cycles saturating after about 10 contacts.
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4. The real contact area cannot be easily related to the coefficient of friction

because the state of the near surface layer is highly dependent on the
environment. However, it is known that adhesive friction depends strongly on
the real area of contact. Therefore, these results indicate that both traction and
cyclic rolling during the running-in raise one of the factors associated with
elevated wheel-rail friction.
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