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ABSTRACT: Ultrasonic testing using shear polarised waves is widely
applied in medical and engineering fields, commonly employed for
hardness or stress measurement. The advantage of ultrasonic shear o
waves for wear measurement lies in their lower wave propagation svoe I — ThaUx1a09
speed and their sensitivity in measuring the wear scars formed through e Fi{
the shear motion. An in-situ wear measurement method of thin e -
metallic coatings using ultrasonic shear waves is proposed in this U.,,aswsenso,sl I I e =R
study. A finite element analysis was used to investigate the interaction festares

between an ultrasonic shear wave and various geometric wear scars. e % 3=
Compared with longitudinal waves, the result shows that 10 MHz shear e T e w8
waves and 22 MHz longitudinal waves have a similar performance in the measurement of undamaged metallic coatings. Whereas,
for discontinuously distributed scars, the 10 MHz shear wave shows an amplitude decrease, where the energy has been reflected to
both sides. Then, the in-situ tests were conducted, and the shear wave measurements of wear were compared with the microscope
results. For 350 um aluminium-alloy coated samples, the maximum deviation between shear wave results and microscope results
was 5.13 um, with a relative error of 1.5%. For 250 um bronze-lead coatings, the maximum deviation was 5.54 um, with a relative
error of 2.51%. The practicality of using shear waves to determine continuous wear progression in bearings is briefly discussed, and
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their potential for monitoring the health of bearing coatings in service.
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1 Introduction

Ultrasonic bulk wave testing has been commonly used in various
fields. The biggest advantage of bulk wave testing lies in its
applicability to various materials and structures, especially its non-
destructive nature. Ultrasonic shear waves can be generated either
from a shear-polarized piezo or by mode conversion of a
longitudinal wave through a wedge probe, both useful for surface
or sub-surface detection [1]. Current practical applications of
shear wave testing are primarily focused on human tissues and
metal materials, which can be divided into shear wave
elastography and shear wave attenuation measurement [2—4].
When ultrasonic waves are obliquely incident on an interface,
mode conversion occurs, splitting the waves into longitudinal and
shear components. The relationship between axial stress and wave
speed in axisymmetric cylindrical solids was investigated and
applied to estimate axial stresses in high-tension bolts [5, 6]. The
shear and elastic moduli of materials can be calculated from the
velocities of ultrasonic longitudinal and shear waves, and used to
examine the microstructure of different steel types [7]. As an

anisotropic medium, the propagation of ultrasound in human
bone is complex. A model based on the finite-difference time-
domain method has been established, treating the bone plate as an
isotropic medium. It was demonstrated that along the bone axis
direction, the measurement of ultrasonic shear wave velocity is
consistent with the model results [8]. Stress and strain have also
been measured based on the relationship between the shear/elastic
modulus and wave speed [9]. An electromagnetic-based
measurement was used to determine the longitudinal-to-shear
wave speed ratio to obtain the residual stress in aluminium plate
structures when the thickness was unknown [10].

The generation of shear waves in metal materials is often
achieved through laser or electromagnetic acoustic transducers
(EMAT). Research shows that a laser source can generate shear
waves, while an EMAT receives the reflected waves. This
laser-EMAT setup can measure the thickness of a 0.4 mm steel
plate with a relative error of less than 4% compared to the
metallographic method [11]. Polarized shear waves generated by
EMAT can also detect crack-like defects based on finite element
simulations [12]. However, there is limited research on using
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shear waves for coating thickness or wear tests, as well as for real-
time monitoring systems.

In previous research, ultrasonic longitudinal waves have been
used for residual thickness and in-situ wear testing of metallic
bearing coatings [13, 14]. It was shown that piezoelectric sensors
generating 22 MHz longitudinal waves can effectively achieve in-
situ measurement under various bearing operating conditions. For
the same material, the speed of shear waves is about half that of
longitudinal waves, which means that shear waves theoretically
have a higher spatial resolution in thickness testing than
longitudinal waves of the same frequency. Moreover, friction
between the coating and shaft works as a shear motion, while the
wear scars distribute as some scratches along the circumferential
direction. These discontinuous scars may affect the shear motion
between particles during shear wave propagation. In this work,
ultrasonic shear waves for coating thickness and wear
measurement are studied, and the required theories, modelling,
and in-situ measurement are presented.

2 Principle of shear wave measurement

2.1 Propagation of ultrasonic shear wave

For ultrasonic shear waves, the vibration direction of particles in
the medium is perpendicular to the direction of ultrasound
propagation, as shown in Fig. 1. The particles vibrate in a shear
motion due to the shear stress between them. The speed of sound
for longitudinal wave ¢;, and shear wave cr, in solid materials can
be expressed in terms of Youngs modulus E, density p, and
Poisson’s ratio v, as given by Egs. (1) and (2) [15].

E 1—v
CL:\/;' (1+v)(1—2v) M

E 1—v
Ctr = —

p 2(1+v)

)

The propagation of shear waves relies on the transmission of
shear displacement between particles. However, there is almost no
shear stress between particles in a fluid, leading to a significant
attenuation of the shear wave. Thus, immersion testing is not
viable; for in-situ measurement of bearing coatings, the sensor is
permanently bonded on the bearing outer face with a thin epoxy
coupling layer to enable the transmission of shear waves.

2.2 Pulse-echo technique

The pulse-echo method is used for real-time coating thickness
measurement; each sensor acts as both signal transmitter and
receiver. When the transmitted shear wave encounters the coating-
steel interface and then the coating-lubricant interface, two
reflections occur. The coating thickness, d, can be obtained from
the time-of-flight (ToF) between the two reflected signals. The
coating thickness d is then given by Eq. (3):

Direction of shear e~ Movement direction of particles
——
wave propagation —_—_—
—
—
—
-
~—
Yo Shear stress between particles
A ———
—
—
-
—-—

Particles of a solid medium

Fig.1 Diagram of shear wave propagation in a solid medium.
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d=c(T)At/2 3)

where the speed of sound ¢ is a function of temperature T; At
represents the ToF between reflections from either side of the
coating. The reflection positions are determined by the peak
positions of the reflection pulses.

2.3 Determining of time-of-flight

For coating materials with an acoustic impedance significantly
different from steel, the ToF can be determined from the
difference in the time-of-arrival (ToA) of two reflections from
either side of the coating. The time of energy arrival was used as
the estimator of interface location for echo signals in Ref. [16]. For
coating materials with a similar acoustic impedance to steel, such
as bronze-lead (Bz-Pb) coatings, a “reflection package” method
based on analytic signal and Hilbert transform was used, as shown
in Fig. 2 [14]. Meanwhile, the energy-based analysis can effectively
eliminate the influence of ultrasound scattering at lead phases.

In Fig. 2(a), A and B represent the steel-coating and coating—
lubricant interface. A, and A, are the first and second reflection
from interface A, while B, and B, are the first and second
reflection from interface B. TOA® and ToA™’ are the ToAs of
the first reflection of interface B and interface A.

Before bearing service, calibration is performed to obtain the
thickness of the undamaged coating at room temperature.
Cs (T|t = 0) is the speed of sound in the Bz-Pb coating during
calibration. In general, it is necessary to record the ToF between
A, and Bbefore the operation, to obtain the initial coating
thickness /.

ToA®) — ToA™)) Gy (T |-
hZ:(O 02 ) B( |t—o) (4)

During shaft rotation, ¢s(T) and ¢z (T) are the speeds of
sound in steel and Bz-Pb, respectively, both functions of
temperature T. Both increase due to frictional heating, and the
coating starts to wear, usually shown as a reduction in Ah. The
expression of Ah can be derived via Eq. (5):

ToF® —
CB (T)
Cs(T|i=)

(5)

In Eq. (5), Cs (T|t=0) is the speed of sound in steel during
the calibration. ToF® =ToA® —ToA®™ is the ToF of
“reflection package”, and ToF®'™” is the ToF of “reflection
package” during calibration.

3 Simulation of ultrasonic shear

propagation in metal layers

wave

3.1 Background of simulation

An ultrasonic shear wave was used as input to study the
interaction between shear waves and the bearing coating wear.
However, the highest center frequency of commercially available
shear-mode piezo-elements is much lower than that of
longitudinal-mode ones. The common high-frequency range for
lead zirconate titanate (PZT) material is around 22 MHz for
longitudinal sensors and 10 MHz for shear sensors. Therefore, it is
necessary to compare the performance of 10 MHz shear wave
with the 22 MHz longitudinal wave and investigate the
measurement capability of 10 MHz shear wave before actual
testing.

Friction, 2025, 13: 9441160
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Figures 3(a) and 3(b) show the wear scars on aluminium-alloy
coating and bronze-lead coated bearings after operation. The
shape of wear typically distributes circumferentially and starts
from independent scratches. Since the propagation of a shear
wave relies on shear stress, it can be assumed that the shear waves
are more sensitive to these discontinuities along the surface,
especially along the axial direction. Figures 3(c) and 3(d) depict
the surface wear on aluminium-alloy and bronze-lead coatings,
serving as the references for modelling.

The finite element analysis was performed using the elastic
wave module of COMSOL Multiphysics. The Navier equation was
used as the governing equation, expressed as a function of
Young’s modulus E, Poisson’s ratio v, density p, and time ¢, as
Eq. (6). In Eq. (6), v is the Hamiltonian operator used for vector
differentiation. The zero displacement and zero velocity were set
as initial conditions.

(a)
Lubricant
Bronze—lead hy
A
Steel hy
AErts
Ultrasound

(b) Reflection

9441160-3
1 o’u

—Z |Vutr— (V. F=p2Y

2y |V, V|t O

The displacement and boundary load are in vector form, # and
F. The amplitude of ultrasound input is expressed as Eq. (7),
while f is the signal frequency:

|F| = (1—cos(2mft/3)) sin(27ft) (7)

All the boundaries, except the input boundary, were set as free.
The input region was set for two different wave modes and also
used as the probe to receive the reflected signals. For this
simulation, the materials were set as steel, pure aluminum, and
copper, instead of the actual bearing alloys (this is due to the
difficulty in obtaining the properties of the real alloys with varying
compositions). Table 1 shows the parameters of materials used in
the modelling.

package 1

Reflection
package 2

ToA(A1) ToA(B1)

{ i

ToA;(AZ) ToA(B)

Fig.2 (a) Diagram of a double-layer structure of a bronze-lead coated bearing shell. (b) Diagram of “reflection package” method for analyzing reflection signals.
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Fig.3 Damaged surfaces of (a) aluminum-alloy coating and (b) bronze-lead coating. Cross-section images of damaged instrumented bearing shell: (c) aluminium-alloy

coating and (d) bronze-lead coating.

Table1 Properties of materials in shear wave modelling

Description Density (g/cm®) Thickness (mm) Width (mm) Young’s modulus (GPa) Poisson’s ratio
Steel bearing layer 7.85 1.14 5 205 0.28
Aluminum coating 2.70 0.35 5 70 0.33
Copper coating 8.96 0.25 5 110 0.35
Ultrasound input area — — 2 — —
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3.2 Comparison between longitudinal wave and shear wave

Double-layer structure models were established, as shown in Fig. 4,
including steel-aluminum and steel-copper combinations. The
blue lines represent the ultrasound input area (2 mm wide), with
the vibration direction marked. The input load was set as along
the y-direction for longitudinal wave, while the x-direction for
shear wave. The perfect matched layer (PML) was used to
simulate an infinite absorbing space. The grid size for meshing
was set to 10-20 pm, 1/10-1/5 of the shortest wavelength,
corresponding to the wavelength of a 22 MHz shear wave in
copper.

The comparison results between 22 MHz longitudinal wave
and 10 MHz shear wave are shown in Fig. 5. The probe
displacement in the x-direction was plotted for shear wave
models, and in the y-direction for longitudinal wave models. The
red curve represents the signal (A-scan) of the 22 MHz
longitudinal wave, and the blue curve represents the 10 MHz
shear wave. Pulses 1 and 2 marked in Fig. 5 represent the coating-
steel and coating-air reflections, respectively.

In Figs. 5(a) and 5(b), the 22 MHz longitudinal wave and 10 MHz
shear wave have been compared in both aluminium and copper
coating respectively. It can be observed that the ToF between
shear wave reflections is greater than that of longitudinal wave
reflections due to the slower shear wave speed. In aluminum
coating, the ToF values between two coating interface reflections
are 0.116 and 0224 ps for longitudinal and shear waves,
respectively. In copper coating, the ToF values are 0.114 and 0.232
us. Two distinct reflected pulses can be observed in both materials,
which means that the 10 MHz ultrasonic shear wave can
distinguish the two interfaces of both the 350 pum aluminium
coating and the 250 um copper coating in the numerical model.

(@ | |
2
1.5] . - i
1 Direction of vibration L
4
0.5 v B
N o Steel Longitudinal wave input L
€ 4 L
-0.5 Coating
_1— I~
-1.5] Perfect matched layer (PML)
,2*
-2.51 ‘ . : B
-2 0 2
(mm)

(b)

(mm)

3.3 Simulation of wear measurement using shear wave

Figure 6(a) shows the simulation diagram, and Figs. 6(b) and 6(c)
depict the simulation results using a 10 MHz shear wave to
measure a 2 mm-wide, 0.1 mm-deep surface damage on a 350 pm-
thick aluminium coating and a 2 mm-wide, 0.1 mm-deep surface
damage on a 250 pm-thick copper coating. The red curve
corresponds to the undamaged surface, and the blue curve
corresponds to the damaged surface.

From both aluminum and copper models, the reflection signal
at the coating-steel interface remains unchanged when the wear
exists. However, the coating-air reflection from a damaged surface
arrives earlier than that of the undamaged surface. Based on the
simulation results, it is feasible to use ultrasonic shear waves to
detect the changes in coating thickness.

A simulation measuring independent scratches was also
investigated, where the size of each damage was set to 0.1 mm
deep and 0.1 mm wide, as shown in Fig. 7(a). The ability between
longitudinal wave and shear wave were compared. The results are
shown in Figs. 7(b)-7(d).

Based on the simulation results in Fig. 7, when using the 22 MHz
longitudinal wave to detect the scars on the aluminum coating, the
amplitude is reduced by 39%. For copper coating, the amplitude is
reduced by 35%. When using the 10 MHz shear wave, the
reflection from the scars on aluminum coating has reduced by
70%, and by 46% for copper coating. The reflected signal of shear
waves exhibits a significant amplitude change, especially in the
aluminium coating.

In solid media, shear wave propagates “layer by layer”. When a
layer of particles is discontinuous, it will be reflected to both sides.
Figure 8 shows the displacement of the medium when the
longitudinal and shear wave is reflected from a 0.1 mm-wide,

7 L
1.5] L o B
1 Direction of vibration L
0.57 B
o Steel Shear wave input L
—0.5] Coating i
_1_ r

-1.5] Perfect matched layer (PML)

,24

-2.51 , . | B

-2 0 2

(mm)

Fig.4 Diagram of a double-layer bearing structure for finite element analysis: (a) longitudinal wave input; (b) shear wave input.
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Fig.5 Comparison of 22 MHz longitudinal wave response and 10 MHz shear wave response: (a) aluminium-coated sample (350 pm coating) and (b) copper-coated

sample (250 um coating).
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Fig.6 Simulation using a 10 MHz shear wave to measure a 2 mm-wide, 0.1 mm-deep wear: (a) diagram of simulation; (b) simulation results of aluminium coated

sample; (c) simulation results of copper coated sample.

0.1 mm-deep independent scar. In Fig. 8(a), the energy of the
shear wave is partially reflected to both sides, while longitudinal
waves have been mainly reflected toward the sensor, with only a
small amount of energy reflected to other directions, as shown in
Fig. 8(b).

Based on the simulation results, the shear waves propagation in
a double-layer structure is similar to that of longitudinal waves,
exhibiting as two adjacent reflections from both interfaces of the
coating. Compared with longitudinal waves, shear waves show a
larger ToF between the two interfaces, indicating a better
resolution. In addition, shear waves are more sensitive to
discontinuous scars, typically displayed as a decrease in the
amplitude of the coating-air interface reflection. For example, a
significant change in amplitude without a shift in peak position
can indicate a slight wear on the surface.

4 In-situ measurement of bearing coatings

4.1 Shear waves speed of sound calibration

To test the performance of ultrasonic shear waves for coating
thickness and wear measurement, a series of in-situ tests were
carried out on aluminum-alloy coated and bronze-lead coated
bearing shells. The shells were instrumented with DL-50HD shear
wave sensors. Before testing, the relationship between shear wave
speed and temperature was calibrated in a temperature-controlled
oven using the same materials. Thermal expansion was ignored
because the same batch of shells were used both for calibration
and measurement. The results are shown in Fig. 9.

The speed of shear wave variation with temperature for these
three materials was fitted using the quadratic relations via Egs. (8)-
(10):

Cay = —0.004289T* — 0.3098 T + 3,017 (8)

https://doi.org/10.26599/FRICT.2025.9441160

Corpby = —0.001987 T* — 0.2591T + 1, 884 )

Cottyy = —0.002227T* — 0.1236 T+ 3,155 (10)

4.2 In-situ measurement of metallic coatings

A series of in-situ measurements was conducted. The rotation
speed was set to 600 r/min, with a dynamic load applied during
the test. The bearings were lubricated at the start of the operation,
but the lubrication was drained halfway to accelerate wear of the
coating. The in-situ tests for each sample were stopped if the
bearing temperature exceeded 120-130 °C or if the shaft seized.
The test platform and ultrasound in-situ testing system are shown
in Fig. 10.

During measurement, three ultrasound sensors were
instrumented onto the bearing shell and mounted to the
tribometer through a bespoke bearing holder. Two K-type
thermocouples were used to monitor the temperature of the
bearing shell, located between sensors 1 and 2, and between
sensors 2 and 3, clamped between the shell and holder, as shown
in Fig. 10(b). The average temperature measured by the
thermocouples was used to calculate the real-time speed of shear
waves.

4.3 Results of aluminium-alloy coating

Three aluminum-alloy coated samples were tested on the TE92, a
multi-functional tribometer manufactured by Plint Tribology
(UK). Results are shown in Fig. 11, with the load during testing
over-plotted. The three sensors collected the data sequentially. For
each sensor, 50 A-scans were recorded every 10 s. The averaged
signal of 50 A-scans was used to calculate the ToF and reduce
random noise. For example, the averaged signals of aluminium-
alloy coated sample 1 are shown in Fig. 11(a). Note that the input
signal (at 1 pus) was cut off because the reflections were too weak
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Fig.7 (a) Diagram of simulation (4 0.1 mm-wide, 0.1 mm-deep scars on 350 pm-thick aluminium coatings). Simulation results of aluminium coated sample:
(b) 22 MHz longitudinal wave and (c) 10 MHz shear wave. Simulation results of copper coated sample: (d) 22 MHz longitudinal wave and (e) 10 MHz shear wave.
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Fig.8 Simulation results of ultrasonic bulk wave reflection at a 0.1 mm-wide,
0.1 mm-deep independent scar: (a) shear wave and (b) longitudinal wave.

compared with the input. During wear progress, the reflection of
the coating-lubricant interface shifts leftwards. As the temperature

‘a‘ vt ¥ £ % wiwt | SCi.pen
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increases, both coating-steel and coating-lubricant reflections shift
rightwards and attenuate slightly.

In Figs. 11(c), 11(e), and 11(g), the temperature was obtained
from a thermocouple on the TE92, which monitored the
temperature of entire bearing system (chamber and internal
lubricant) during operation. This corresponds to the temperature
rise stage measured by the thermocouples in the ultrasound
system, as shown in Figs. 11(b), 11(d), and 11(f).

Comparing the results of the temperature and ultrasound
system, both curves show the same trend. However, after the oil
was drained, the local temperature of the bearing shell, especially
the contact area, rapidly increased, as indicated on the plot in
Fig. 11. Thus, the temperature measured by the ultrasound system
is higher than the maximum temperature measured by the TE92.

As the wear progressed in Fig. 11, significant degradation of the
coating surface occurred in three stages. The first stage is the
lubricated stage, where the entire bearing system was
hydrodynamically lubricated, with no significant change in
coating thickness and a gentle increases of temperature. In the
second stage, most of the lubricant was drained out; the entire
bearing system was in a mixed or boundary lubricated region, and
the load was reduced to maintain system operation. In this case,
the thickness of the coating began to decrease, while the

Friction, 2025, 13: 9441160
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Fig. 10 (a) Rotary tribometer Phoenix TE92. (b) Assembly of tested bearing samples. (c) Diagram of in-situ ultrasound bearing shell measurement system.

temperature increased continuously due to frictional heating. The
third stage is the cooling stage, where the machine stopped, and
the coating thickness remained unchanged.

For sample 2 sensor 2, after the lubricant drained out, the
thickness monitored by the sensor started to increase, and a slight
decrease during cooling. This may be due to two reasons. The first
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one is that the sensor performance was affected by high
temperatures, resulting in a decrease in signal accuracy. The
second is that in the tested area, the material extrusion led to a
deformation, where the material is extruded to both sides due to
the friction. This deformation typically results in an uneven
surface, with thinner layers in the middle and thicker layers on
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Fig. 11 (a) Ultrasound signal of sample 1. Progression of wear expressed as residual coating thickness and load during measurement for aluminium-alloy coated
samples: (b, ¢) sample 1, (d, e) sample 2, and (£, g) sample 3.

both sides. In such cases, ultrasound may show a larger thickness microscope images from cross sections. For all three aluminum-
reading than usual. Figure 12 shows the coating surface under alloy coated samples and nine shear wave sensors, the maximum
sample 2 sensor 2. deviation between shear wave and microscope results is 5.13 um

Table 2 compares the ultrasonic shear wave measurement with (sample 1 sensor 3). For the other eight sensors, the deviations are
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Fig.12 Cross-section image of area under aluminum-alloy sample 2 sensor 2.

Table2 Comparison between ultrasonic shear wave measurement and

microscope results for aluminium-alloy coated samples

(a) Results of aluminum-alloy coated sample 1

Sensor 1 Sensor 2 Sensor 3
Thickness, start (um) 346.68 347.66 337.97
Thickness, end (um) 326.23 334.69 337.52
Microscope result (um) 329.14 337.55 342.65
Deviation (pm) 2.92 2.87 5.13
Relative error 0.89% 0.85% 1.50%
Depth of wear (um) 20.46 12.97 0.45
(b) Results of aluminum-alloy coated sample 2
Sensor 1 Sensor 2 Sensor 3
Thickness, start (um) 347.97 349.53 336.85
Thickness, end (um) 332.95 352.76 335.32
Microscope result (um) 335.89 352.15 338.51
Deviation (pum) 2.94 0.61 3.19
Relative error 0.88% 0.17% 0.94%
Depth of wear (um) 15.02 -3.23 1.52
(c) Results of aluminum-alloy coated sample 3
Sensor 1 Sensor 2 Sensor 3
Thickness, start (um) 348.33 357.57 333.24
Thickness, end (um) 330.57 337.06 324.65
Microscope result (um) 334.86 336.28 324.25
Deviation (pm) 4.29 0.78 0.41
Relative error 1.28% 0.23% 0.13%
Depth of wear (um) 17.76 20.51 8.58

within 5 pm. Thus, the ultrasonic shear waves show good
accuracy for the in-situ measurement of aluminum-alloy coated
bearings.

4.4 Results of bronze-lead coating

Three bronze-lead coated samples have also been tested. The
progression of wear during in-situ measurement and the dynamic
load are shown in Fig. 13. Sample 1 sensor 2 shows an abnormal
decrease, possibly due to the high temperature after the drainage
of lubricant, as shown by the green line in Fig. 13(a). The wear
progress of the area under sample 2 sensor 2 is similar to that of
aluminum-alloy coated sample 2 sensor 2. Figure 13(e) shows
almost no wear on sample 3. The microscope results indicate only
very slight deformation at the tested positions.

Table 3 compares the ultrasonic shear wave measurement with
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microscope results for bronze-lead coated samples. The result
shows good performance of these shear wave sensors. Only the
deviation for sample 1 sensor 3 exceeds 5 pm (5.54 pm, 2.51%
error). Overall, the performance of ultrasonic shear wave sensing
on the bronze-lead coating is also satisfactory.

5 Discussion

5.1 Amplitude reduction of reflected waves

The propagation of ultrasonic shear wave was studied using the
finite element method. It shows that when the shear waves
encounter discontinuous scars, the amplitude of reflected signals
attenuates significantly. Therefore, the roughness or surface
deformation of the coating may be estimated from the ratio of the
amplitudes of the reflected signals from either side of the coating.
The amplitude ratio R is given by Eq. (11), where A, is the
amplitude of coating-steel reflection and A, is the amplitude of
coating-lubricant reflection. This phenomenon is more explicit for
aluminium-alloy coated samples, as reflections from the two
interfaces are nearly at the same level. Results for aluminium-alloy
coated samples are shown in Fig. 14.

R=
A,

(11)

As shown in Fig. 14, the amplitude ratio of the coating-steel
reflection to coating-lubricant reflection is between 0.55 and 0.65
at the start. When temperature increases, i.e. frictional heating
occurred, the amplitude ratio increases, as marked in Figs. 14(a)-
14(c). This means a decrease in the amplitude of the coating-
lubricant reflection, indicating the surface was discontinuous at
that time.

In Figs. 14(a) and 14(b), a short period without temperature
change shows an unchanged amplitude ratio, indicating no
surface damage at that time. Figure 14(d) shows a comparison
between the reflected signals at the start and during friction.
Moreover, the amplitude ratio for sample 2 sensor 2 and sample 3
sensor 2 (green lines in Figs. 14(b) and 14(c)) shows an alternating
rising-falling trend. It can be speculated that the surface in that
area experienced an alternately rough-smooth progression. More
surface profile information could potentially be obtained using
both longitudinal and shear waves, such as the early deformation
before material loss.

5.2 Further research

The main purpose of this work is to propose an in-situ wear
measurement solution of metallic coated journal bearing shells
using active ultrasonic shear wave. The future research will mainly
focus on the enhancement of accuracy, where shear wave speed
and ToF are key factors affecting the pulse-echo method.

Accurate real-time shear wave speed during measurement is
crucial. In this work, the shear wave speed in steel substrate and
coating materials is calibrated in advance, and changes during
material heating are studied. In practical applications, the bearing
shell temperature variations are complex, and under boundary
lubrication conditions, the temperature at the solid contact may
increase rapidly. For example, according to Eq. (10), for
bronze-lead coatings, if the measured temperature (130 °C) is
lower than the actual value (140 °C), due to the delayed
temperature sensor response, the error introduced was
approximately 1.9 um. With more friction and wear, the error
increases.

Moreover, for large-sized shells, the variation in the speed of
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Fig. 13 Progression of wear expressed as residual coating thickness and dynamic load during measurement for bronze-lead coated samples: (a, b) sample 1,

(¢, d) sample 2, and (e, f) sample 3.

sound gradient was required to be considered [17, 18]. According
to previous tests on a 7 mm-thick Bz-Pb coated plate, the
temperature difference between both plate surfaces was 4.5 °C,
leading to an error of approximately 1 pm. Therefore, a
temperature compensation strategy will be further investigated,
especially for large components, such as marine bearing samples.
A self-calibration strategy using both longitudinal and shear
sensors may compensate for the internal temperature gradient.
Additionally, the shear wave speed is also affected by pressure.
Local density changes of material necessitate considering the
pressure influence on shear wave speed during future calibration.
ToF is another important factor, enabling a higher time and
spatial resolution in actual measurement. The performance of
higher ultrasonic shear wave frequencies, as high as the
longitudinal wave frequencies, was investigated. The longer ToF of
the shear wave means a higher resolution when the sampling rate
is constant. A 22 MHz shear wave was compared with a 22 MHz
longitudinal wave via simulation, as shown in Fig. 15. The red
curve represents the response of the longitudinal wave, and the
blue curve represents the response of the shear wave. The pulses 1
and 2 marked in these figures represent the coating-steel and
coating-air reflection respectively. The blue curve shows two
distinctive reflections, each more compact than the 10 MHz shear
wave pulses. With advancements in piezo-element manufacture,
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higher frequency shear wave sensors are being developed,
expected to replace longitudinal wave sensors for real-time
monitoring.

6 Conclusions

In this study, ultrasonic shear wave measurement of metallic
coating thickness and wear has been evaluated. Simulations and in-
situ experiments have proved the feasibility of shear wave sensing
to determine wear on coated bearing shells. Based on the
simulation results, it has been shown that shear waves have a
similar behavior to longitudinal waves in a double-layer structure,
where two reflections from the interfaces either side of the coating
and the thickness of coating can be obtained from the ToF.
Comparing the 10 MHz shear wave and 22 MHz longitudinal
wave response, it was shown that the 10 MHz shear wave is
suitable for wear measurement. The simulation also showed shear
waves are more sensitive to discontinuous wear scars, while the
shear wave measurement of a bearing shell is shown in Fig. 16.
In-situ shear wave measurements of bearing coating wear were
carried out and the results show that shear wave measurement
align with the microscope results. For three aluminum-alloy
coated samples and nine shear wave sensors, there is a maximum
deviation of 5.13 pm (sample 1 sensor 3). For the other eight
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Table3 Comparison between ultrasonic shear wave measurement and microscope results for bronze-lead coated samples

(a) Results of bronze-lead coated sample 1

Sensor 1 Sensor 2 Sensor 3
Thickness, start (um) 219.53 233.10 224.46
Thickness, end (um) 218.35 224.83 215.00
Microscope result (um) 221.66 227.42 220.54
Deviation (um) 3.32 2.59 5.54
Error 1.50% 1.14% 2.51%
Depth of wear (um) 1.19 8.27 9.47

(b) Results of bronze-lead coated sample 2

Sensor 1 Sensor 2 Sensor 3
Thickness, start (um) 245.23 246.68 247.59
Thickness, end (um) 238.93 247.37 247.10
Microscope result (um) 238.36 248.81 247.55
Deviation (m) 0.56 1.44 0.45
Error 0.24% 0.58% 0.18%
Depth of wear (um) 6.30 -0.69 0.49

(c) Results of bronze-lead coated sample 3

Sensor 1 Sensor 2 Sensor 3
Thickness, start (um) 245.24 257.42 245.43
Thickness, end (um) 240.75 254.67 246.13
Microscope result (um) 241.26 257.63 248.68
Deviation (um) 0.52 2.96 2.55
Error 0.21% 1.15% 1.03%
Depth of wear (um) 4.49 2.75 -0.70
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Fig. 14 Amplitude ratio of coating-steel reflection to coating-lubricant reflection during in-situ measurement for aluminium-alloy coated samples: (a) sample 1,
(b) sample 2, and (c) sample 3. (d) Comparison of ultrasound reflection between signals collected at start and during friction.
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sensors, the deviations are within 5 pm. For the bronze-lead
coatings, only the deviation of sample 1 sensor 3 exceeds 5 pum
(5.54 pm, 2.51% error). The progression of the wear during the
test of these samples has been plotted.

Shear wave sensing is simultaneously expected to enable the
estimation of the roughness of the coating surface. If the shear
sensor with higher frequency can be manufactured, the shear
wave measurement may replace the longitudinal wave
measurement for the thin coatings.
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