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Abstract

This study investigates the influence of surface texturing on temperature distribution in
lubricated sliding contacts using infrared thermography. The work addresses the broader
challenge of understanding thermal effects in conformal hydrodynamic contacts, where
localized heating and viscosity variations can significantly affect tribological performance.
A pin-on-disc configuration was employed, featuring steel pins with laser-etched micro-
dimples that slid against a sapphire disc, allowing for thermal imaging of the contact zone.
A dual-bandpass filter infrared thermography technique was developed and rigorously
calibrated to distinguish between the temperatures of the steel surface and the lubricant
film. Friction measurements and laser-induced fluorescence were used in parallel to assess
contact conditions and the behavior of the lubricant film. The results show that surface
textures can alter local frictional heating and contribute to non-uniform temperature distri-
butions, particularly in parallel contact geometries. Lubricant temperature was consistently
higher than the surface temperature, highlighting the role of shear heating within the
fluid film. However, within the tested parameter range, no unambiguous viscosity-wedge
signature was identified beyond the dominant temperature-driven viscosity reduction
captured by the in situ correction. The method provides a novel means of experimentally
resolving temperature fields in sliding textured contacts, offering a valuable foundation for
validating thermo-hydrodynamic models in lubricated tribological systems.

Keywords: infrared thermography; surface texturing; hydrodynamic lubrication; viscosity-
temperature compensation; pin-on-disc; thermal effects

1. Introduction

Lubricated sliding contacts operating in the hydrodynamic lubrication regime are
widely used in various engineering applications, including radial and axial bearings,
seals, and thrust washers. A modern approach to improving the performance of such
components involves the use of surface texturing. Although surface textures have been
shown to improve friction and load-carrying characteristics under certain conditions, as
summarized in several review papers [1-7], some of the underlying mechanisms remain
incompletely understood.

It has been found that thermal effects may have a surprisingly strong influence on the
behaviour of textured contact. One of the mechanisms that can have a positive impact is a
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so-called viscosity wedge action that was initially described by Cameron more than 65 years
ago [8]. This effect arises from a temperature gradient across the lubricant film, typically
with a warmer fluid layer near one surface and a cooler one near the other. In numerical
studies, the influence of this gradient has been modelled in surface-textured contacts [9-11].
These simulations suggest that in shallow dimples, frictional heating predominantly occurs
near the moving surface, enhancing the temperature gradient and supporting the viscosity
wedge mechanism. In deeper dimples, stronger recirculation leads to thermal homogenization,
thereby reducing the temperature gradient and diminishing the effect. A study [10] reported
that the inclusion of the viscosity wedge effect in simulations led to a 28-fold increase in
load-carrying capacity compared to models that excluded it. The mechanism has the potential
to contribute positively to load support even in untextured parallel contacts [12], highlighting
its potential importance. Unlike non-conformal contacts [13,14], this phenomenon has not
been experimentally confirmed in conformal contacts.

To date, most available information on temperature distributions in textured hy-
drodynamic contacts originates from numerical simulations. There is a notable lack of
experimental data that could verify, challenge, or extend the results of these models. A
promising method for experimentally capturing temperature fields in such systems is
infrared (IR) thermography [15]. This non-contact technique measures infrared radiation
emitted by surfaces and converts it into temperature maps. This method was first ap-
plied for temperature mapping in a ball-on-disc configuration [16]. To distinguish the
temperature of the steel ball from that of the lubricant, band-pass filters were later intro-
duced, enabling selective acquisition of radiation from different sources based on their
characteristic emission wavelengths [17]. While the lubricating oil emits radiation over a
narrow wavelength band, the steel ball behaves as a gray body and emits over a broader
spectrum. In subsequent developments, a reflective chrome coating was applied to the
underside of the sapphire disc to isolate its contribution during calibration [18,19]. Further
advancements enabled the estimation of average and even three-dimensional temperature
distributions across the lubricant film [20] and measurements on textured surfaces [21,22].
However, IR thermography has been rarely applied to pin-on-disc configurations. In those
few studies that did explore such geometries, the focus was typically not on spatially
resolved temperature measurements within the contact itself [23,24] or on using an optical
fibre pyrometer for single-point measurement only [25]. One of the few works using IR ther-
mography to evaluate temperature distribution in contact is an application on mechanical
seals [26]. For textured contacts, relevant work includes IR observation of journal-bearing
shells from the side (in the axial direction), which enables consideration of global thermal
effects, such as compensation for oil temperature variations [27].

In recent years, thermal effects have been shown to exert a more significant influence
on sliding contacts than previously assumed [28,29]. Frictional heating increases with
both sliding speed and applied load. The resulting temperature rise affects the physical
properties of the lubricant, which in turn alters the friction and load-carrying performance
of the contact. Textured surfaces are particularly susceptible to such temperature-induced
changes due to their complex geometries and the associated fluid flow phenomena. Yet
studies that examine these effects in textured contacts remain predominantly theoretical or
simulation-based.

The objective of the present work is to implement an infrared thermography method
for non-contact temperature measurement in a conformal pin-on-disc configuration and to
assess the presence of thermal effects in textured surfaces under controlled experimental
conditions in parallel and near-parallel contact configurations.
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2. Materials and Methods
2.1. Experimental Setup

The experiments were conducted on a modified Rtec MFT-5000 tribometer (Rtec
Instruments, San Jose, CA, USA) in a pin-on-disc configuration (see Figure 1). The device
was equipped with strain-gauge force sensors for measuring friction (Fx) and normal load
(Fz), as well as precise positioning in three axes. The tribometer was modified to mount a
sapphire disc (acting as the transparent counterface) and to hold a steel test pin with fine
tilt adjustment for achieving parallel or near-parallel alignment of the contact surfaces. The
tilt mechanism has an inclination control sensitivity of 0.001° and the inclination is checked
using a film thickness/gap measurement. Lubricating oil is held on the upper side of the
disc by a rim.

FRONT VIEW SIDE VIEW

Friction force
load cell

Inclination adjustment

IR camera

Oil

Microscope lens X3

Sapphire disc /

Mirror

Dics drive—

Figure 1. Scheme of the pin-on-disc tribometer.

This pin-on-disc configuration is complemented by optical assemblies for IR ther-
mography (see Figure 2a) and fluorescence microscopy (see Figure 2b). In both cases, the
horizontal optical axis is directed into contact with the underside of the disc using an
adjustable prism mirror. Temperature measurements were acquired using a FLIR SC5000
scientific-grade infrared camera (FLIR Systems, Wilsonville, OR, USA) with a 320 x 256-
pixel InSb detector and two narrow-bandpass filters mounted in a filter wheel. Equipped
with an X3 infrared microscope lens, the system provides a 3.2 x 2.5 mm field of view and a
maximum frame rate of 380 Hz. This configuration yields a lateral sampling of 10 pm/pixel,
corresponding to approximately 10 and 80 pixels across the smallest and largest dimple,
respectively.

The fluorescence imaging system consisted of a 415 nm LED light source (Thorlabs
M415L4, Thorlabs, Newton, NJ, USA), a fluorescence filter cube (comprising excitation and
emission filters with a dichroic mirror), a 2x microscope objective, and a monochrome
camera (Tucsen FL-20BW, Tucsen, Fuzhou, China). The camera is equipped with a
5472 x 3648 pixel cooled CMOS sensor (2.4 um pixel size), providing a field of view
of 6.55 x 4.4 mm. Excitation light was focused into the contact zone through the objective,
and the emitted fluorescence was collected along the same path.
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Figure 2. A photo of the pin-on-disc tribometer with an optical assembly for (a) IR thermography
and (b) fluorescence microscopy.

2.2. Materials

The test specimens consisted of cylindrical AISI 52100 steel pins with a flat, circular
contact surface measuring 5.2 mm in diameter. Surface texturing was applied using a
nanosecond-pulsed fiber laser to generate arrays of circular dimples arranged in a triangular
pattern, as shown in Figure 3. This pattern ensured theoretical coverage of 19.6%, but the
actual coverage varied depending on the final number of dimples on the surface of the pin.
Six textured pins with the parameters summarized in Table 1 were used. Pin C and D (and
E and F) had the same texture but differed in their orientation relative to the direction of
disc movement. The pins were intentionally manufactured with a broad range of texture
geometries to support the methodological goal of this work—namely, to demonstrate the
impact of instantaneous-temperature viscosity correction on Stribeck-type trends across
different texture-induced flow conditions. For this reason, the texture set includes not
only a nominal 800 pm dimple design, but also a smaller-dimple geometry (Pin A) and
a diagonally oriented pattern (Pin B), representing contrasting scales and orientations
(including configurations that may exhibit weaker hydrodynamic benefit).

Table 1. Texture parameters on the pin surface.

Desilg)lrﬂltion Diameter (um) Depth (um) Coverage (%) Orientation

Non-textured - - - -
Pin A 100 10 17.3 diagonal
Pin B 400 20 14.2 diagonal
Pin C 800 5 16.6 diagonal
Pin D 800 5 16.6 in-line
Pin E 800 10 16.6 diagonal
Pin F 800 10 16.6 in-line
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Figure 3. Texture parameters on the pin surface (the arrows indicate oil flow direction).

Due to the limitations of laser texturing, the sides of the textures are not perfectly
perpendicular, but incline approximately 40°. Before laser processing, the pin surfaces were
polished to a mirror-like finish (Ra < 50 nm) to ensure uniformity. A smooth, non-textured
pin was used as a reference.

The sapphire disc (synthetic single-crystal Al,O3, diameter 160 mm, thickness 5 mm)
was selected for its high infrared transparency in the 3-5 um band and its high mechanical
and thermal stability. Although sapphire is not a typical industrial bearing material,
transparent counterfaces (glass/sapphire) are widely used in tribology experiments when
direct optical access to the lubricated contact is required. In addition to optical transparency,
sapphire provides comparatively high thermal transport, of the same order of magnitude
as steel.

The lubricant used in all tests was FVA4 reference oil, a mineral base oil with a
kinematic viscosity of 460 mm?/s at 40 °C (ISO 3448:1992 [30]). The oil with such a
high viscosity was chosen to facilitate the induction of thermal phenomena. The dynamic
viscosity of the lubricant as a function of temperature was determined by Vogel’s model [31]
(also known as Vogel-Fulcher-Tammann equation) in the form:

= Aeric M

where 7 is the dynamic viscosity of the oil in Pa-s, t is oil temperature in °C and constants
A,Band Care A = 3.72 x 107, B = 1.33 x 10% a C = 1.03 x 10?. The data was adopted
from literature for the reference oil [32] and was verified for the oil batch used in this study
by independent measurements on a rotational Couette viscometer over the investigated
temperature range. The measured viscosity values agreed with the adopted model within
the experimental uncertainty.

To account for the piezoviscous behaviour of the lubricant, the dynamic viscosity was
evaluated using an extended Vogel-type expression including pressure:

B
n= A-eFC .pa1tapt+(b1+byt)p (2)

where p is contact pressure (bar) and constants ay, ap, by and b, are a; = 3.05 x 102,
ay =2.799, b; = 5.865 x 1073, b, = 2.594 x 10~* [32].
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To measure film thickness using fluorescence microscopy, the lubricant was stained
with the fluorescent dye Coumarin 6.

2.3. Methods—Infrared Thermography

A key aspect of this study is the implementation of an infrared (IR) thermography
method for temperature measurement in the sliding contact. To enable separation of the
radiation emitted by the steel pin and the lubricant film, two narrow-band IR filters were
used in front of the camera sensor, as illustrated in Figure 4. The first filter (denoted S-filter)
had a passband centered at 3.410 um (bandwidth 290 nm) and allowed the combined
infrared emission from the oil and the steel pin to be recorded. The second filter (L-
filter), centered at 4.672 um (bandwidth 140 nm), was chosen such that it predominantly
transmitted radiation from the steel pin while largely excluding the oil’s emission band
(since lubricating oil emits IR strongly in a narrower wavelength range around ~3.4 um).
By alternating these filters, it was possible to capture two sets of IR images: one showing
the pin’s surface temperature (L-filter) primarily, and another containing both the pin’s
and oil’s contributions (S-filter). Tests were also performed without any filter in the optical
path to record the overall radiation as a baseline. There is also the option of measuring
the temperature of the disc using a fully reflective chrome coating [18,19]; however, this
approach was not used due to the wear and degradation of the coating under demanding
test conditions.

S-filter L-filter
3410-290 nm 4672-140 nm . ) )
1 Pin Pin + oil
temperature temperature
08
z EX N
T 0.6 Steel - '
o= T . T .
a { ’ \ Disc| ’ v Disc|
= 04
= . .
H Oil Sapphire L-filter T S-filter | I
0-2 j \\L , Oil" ' Pin
0 Pin temp. temp. temp.
2.5 3 3.5 4 4.5 5
Wavelength (um)

Figure 4. The radiation spectrum of individual components, the emission filters used and a scheme
of the radiation filtration of individual sources.

Because the camera measures IR intensity in arbitrary units (digital levels, DL), a
thorough calibration procedure was required to convert the recorded signals into actual
surface temperatures for both the steel pin and the oil film. Importantly, this approach
does not attempt to determine the intrinsic emissivity of oil or steel as standalone material
properties. Instead, temperature is obtained empirically by comparing the measured
dual-band IR signals to a reference calibration dataset acquired under the same optical
configuration and spectral bands. This reference dataset is generated in a dedicated
calibration rig using a static, well-defined pin/ball-oil-sapphire configuration that is heated
to a prescribed temperature, thereby reproducing the relevant radiometric conditions
(emission, reflections, and transmission through the lubricant layer) in a controlled manner.
In other words, the calibration establishes a direct mapping between DL (in each band) and
temperature for the specific lubricant and surface state, including the effect of a defined
lubricant gap. The calibration was an extended, multi-step process that built upon a method
previously developed for point contact (ball-on-disc) measurements [33]. In adapting it to
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the present conformal contact, three main calibration steps were performed to account for

the different radiation sources and the presence of a lubricant layer, as shown schematically

in Figure 5:

(a)

(b)

(©

Dry calibration with a pin: First, the steel pin’s surface emission was calibrated in a dry
state. The calibration test rig consisted of cartridge heaters and thermocouples, which
were used to precisely regulate the temperature of the steel sample via a controller. In
the dry calibration, the pin (with no oil) was heated stepwise from room temperature
up to about 100 °C, and at each plateau the IR camera recorded images through both
the L-filter and S-filter. Since no lubricant was present, the L-filter images captured
the pin’s thermal radiation directly, and the S-filter images captured the same pin
radiation but through the other filter. From each pair of images at a given temperature,
a filter transmittance factor k(t) was determined to account for the different spectral
responses of the two filters. In practice, the raw digital levels from the camera were
first fitted as functions of the known temperature (using a quadratic polynomial fit),
and then k(t) was obtained from the ratio DLg/DL; at each temperature. This step
established the relationship between IR intensity and actual temperature for the steel
pin surface for both filter configurations.

Oil calibration with a pin: The second step introduced a thin layer of oil between the
pin and the sapphire disc to calibrate the measurement of lubricant film temperature.
Thin metal shims of known thickness (10 um and 20 um) were placed under the pin
in the calibration fixture to create a controlled oil-filled gap. At each temperature
plateau, IR images were recorded with the L-filter and S-filter. Due to the different
reflectivity of the surfaces, L and S-filter data were evaluated on both the smooth
surface and at the bottom of the dimple. From the L-filter data, digital level values
were obtained for the pin surface (smooth area) and the pin dimple. The S-filter data
for the smooth surface area provides the combined signal of steel and oil. Using the
previously determined k(t) to account for filter differences, the oil film’s contribution
at each temperature could be isolated by subtracting the appropriately scaled steel
signal from the S-filter measurement. This yielded a calibration curve of IR intensity
vs. temperature for the lubricant oil film in a thin layer.

Oil calibration with a ball: The third calibration step was designed to account for the
effect of oil film thickness on the measured IR intensity. A steel ball and the sapphire
disc were used to create a continuously varying gap. By pressing a steel ball against
the sapphire disc with a layer of oil and heating it to a known elevated temperature, a
single camera image can capture regions of different film thickness (from the center of
contact outwards). The geometry of the ball-on-disc contact was determined using
Hertzian contact theory calibrated by an interferometric method [34], so that at each
pixel in the IR image the local oil film thickness was known. Based on a relation
between the 0il’s IR signal (DL,;) and the film thickness h, a thickness compensation
factor h(t) was introduced. The calibration confirmed that beyond a certain thickness
(~10 um for the FVA4 oil), the recorded IR intensity from the oil stops increasing (the
oil layer becomes optically thick, contributing its full black-body emission). So, for
oil layers thicker than about 10 pum, h(f) = 1 (no correction needed), while for thinner
films, h(t) < 1, proportionally reducing the inferred temperature to account for the
reduced emission.
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Figure 5. Scheme of the calibration procedure for the IR thermography: (a) Calibration using a flat
pin under dry conditions; (b) Calibration using a flat pin with oil, and (c) Calibration using a ball
and oil.

2.4. Methods—Fluorescence Microscopy

Lubricant film thickness was evaluated using fluorescence microscopy, a technique that
correlates optical intensity with local film thickness. To ensure reliable thickness evaluation,
a multi-step calibration procedure was carried out prior to testing (see Figure 6) [35]. The
first step involved flat-field correction to eliminate non-uniformities in the illumination
field and sensor response. This was performed using a calibration fixture holding a smooth
glass pad and 10 pm-thick spacer shims to create a uniform oil layer of known thickness.
Flat-field correction was applied directly in the acquisition software(Micro-Manager v2.0.0).

To assign absolute film thickness values to fluorescence intensities, a secondary cal-
ibration was performed using spacers (10-50 um thick shims) partially inserted into the
contact zone between the pin and the disc. Cross-sectional profiles of the fluorescence
image were extracted across this interface. Linear fits to the shim region and the adjacent
pin surface were used to calculate the optical gap.
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Figure 6. Scheme of the calibration and evaluation procedure for the fluorescence microscopy:
(a) Flat-field correction, (b) Film thickness calibration and (c) Film thickness evaluation.

Lubricant film thickness evaluation was performed in three independent profiles,
which were evaluated and averaged. The film thickness distribution is evaluated by
comparison with the calibration curve. By fitting the film thickness in a smooth area
(outside the pits), the actual inclination of the pin is further determined. This allows precise
alignment and determination of the instantaneous inclination during the test.

2.5. Experimental Procedure and Parameters

The aim of this study was to investigate thermal effects; therefore, the test procedure
and operating conditions were selected to promote a measurable temperature rise. Stribeck-
type curves were constructed by plotting the coefficient of friction as a function of a
modified Hersey parameter #u/F, where 1 is the dynamic viscosity, u the sliding speed
and F the applied normal load (Also referred to as the “characteristic number” in this
work). For each load, the rotational speed was increased stepwise from 50 to 1400 rpm,
corresponding to sliding speeds from 0.3 to 8.1 m/s. At each speed setpoint, the disc ran
for a short duration (4 s) under steady conditions while data were recorded, and then
the rotation was stopped for a cooling period of 1040 s before the next speed step. This
start-stop cyclic approach (illustrated schematically in Figure 7) ensured that a temperature
rise in the contact was mostly due to the immediate frictional heating at that speed, rather
than cumulative bulk heating from the previous steps. The pause allowed the contact to
return closer to ambient temperature before each new speed, improving the repeatability of
measurements and preventing excessive thermal drift. Four normal loads were used: 5 N,
10N, 20 N, and 50 N, corresponding to nominal contact pressures (assuming the flat-on-flat
apparent contact area of the pin) of approximately 0.2, 0.5, 0.9, and 2.4 MPa, respectively.

All experiments were conducted under conditions corresponding to the hydrody-
namic lubrication regime (full-film separation), as characterized by the applied range of
nu/F. Consequently, the term “Stribeck curve” is used here to denote only its hydrody-
namic regime (hydrodynamic branch) rather than the full boundary-mixed—hydrodynamic
transition.
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Figure 7. Evolution of the IR camera digital level (DL) in the Stribeck curve measurement cycle for
one load, including 4 s rotation periods and cooling periods.

The tests were conducted in two pin inclinations: 0.05 degrees representing the wedge
gap and 0 degrees representing the parallel surfaces.
Each test sequence (covering all speeds for a given load) was conducted four times:

IR optical setup with L-filter;
IR optical setup with S-filter;
IR optical setup with no filter;

Fluorescence optical setup for lubricant film thickness measurement.

Before each measurement, a reference image of the static contact was taken to be sub-
tracted as a “background” for temperature evaluation, and a flat-field correction was made
for fluorescence imaging. This procedure was time-consuming and required strict adher-
ence to test conditions, but it enabled the application of a robust temperature distribution
evaluation.

Using the established calibration curves, the relative increase in temperature of the oil
and the pin surface was obtained for each step. The maximum temperature in the contact
typically occurred at the end of the 4 s running period, and this was taken as the represen-
tative contact temperature for that speed and load. Because of a limited field-of-view of
the IR optical system, the view is directed toward the center of the pin. In addition to the
temperature obtained by filtering individual radiation sources, an “average temperature”
is also evaluated, which is determined based on measurements and calibrations without

7

the filters. The experimental data are then used to construct Stribeck curves (COF vs. a
velocity or viscosity-speed parameter) for each tested pin and condition.

3. Results
3.1. Temperature Measurement

Typical examples of the temperature field obtained from the infrared thermography
setup are shown in Figure 8. The left image represents the surface temperature of the pin,
while the right image shows the temperature of the lubricant film. It should be noted
that the pin temperature map is composed of two separately calibrated regions: the flat
surface outside the dimples (“Pin—flat”) and the dimple interiors (“Pin—-dimple”). For
further analysis, the temperature values are evaluated over two regions of interest: (i) an
area corresponding to a single dimple and (ii) an annular region surrounding the dimple in
the central part of the pin. The temperature differences between the dimple and flat regions
are apparent, especially for the pin temperature. The oil temperature exhibits much higher
noise, which is a consequence of the calibration procedure: after subtracting the L-filter
signal, the remaining oil contribution corresponds to only a small range of digital levels.
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Figure 8. Typical temperature fields of the pin surface and lubricant film obtained by infrared
thermography for Pin E (800 x 10 um dimples in a diagonal arrangement) at 50 N and 8.1 m/s:
(a) Pin surface temperature and (b) Oil temperature.

Figure 9 summarizes the relative temperature rise as a function of sliding speed for the
large-dimple pin E (800 x 10 pm dimples) at the highest load of 50 N for both parallel and
inclined (0.05°) contacts. Relative temperature is defined as the increase in temperature with
respect to the initial reference temperature of the oil in a bath. In both contact geometries,
the temperature of the lubricant and of the pin increases almost linearly with sliding speed,
which is well captured by a second-order polynomial fit. The lubricant temperature is
systematically higher than the temperature of the pin surface, confirming that shear heating
in the oil film is the dominant source of heat generation. Within the pin, the temperature in
the dimple region is slightly higher than on the surrounding flat area, indicating a modest
local intensification of shear and/or reduced heat dissipation inside the texture. For the
oil, the difference between the dimple and flat regions is present but less pronounced. The
“average” temperature measured without spectral filtering is significantly lower than both
the oil and pin temperatures; this confirms that unfiltered thermography underestimates
the actual fluid and surface temperatures in the contact zone. Parallel contacts exhibit
higher overall temperatures than inclined contacts, which is consistent with the higher
coefficients of friction observed in the parallel configuration.

(b) 45 .
Pin E (800 x 10 um) e 4 Pin E (800 x 10 um)  Oil-flat
pin | 50N : g 35 B 50N QOil - dimple
L 0.05°
530 = Pin - flat
]
i
%]
g‘ o = Pin- dimple
820
E 15 x  Average - flat
]
E 10 x  Average - dimple
5
0
0.0 2.0 4.0 6.0 8.0 0.0 2.0 4.0 6.0 8.0
Sliding speed (m/s) Sliding speed (m/s)

Figure 9. Relative pin and oil temperatures in the dimple and flat regions as a function of sliding
speed for pin E at 50 N in (a) parallel and (b) inclined (0.05°) contacts.
3.2. Friction Measurement

The coefficient of friction (COF) was analyzed as a function of the combined parameter,
including sliding speed u (m/s), lubricant viscosity # (Pa-s), and applied normal force F
(N). Figure 10 illustrates the influence of different viscosity-correction approaches on the
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Stribeck curve for a parallel contact with pin C (800 x 5 um). When viscosity is calculated
at a fixed reference temperature (a thermocouple in the oil bath, approximately room
temperature, see Figure 10a), the COF data deviate markedly from the expected power-
law trend, especially at higher loads and speeds. Using the “average” temperature from
unfiltered IR measurements (Figure 10b) partially reduces this deviation, but significant

scatter remains, and the points still deviate from a single master curve as the temperature
increases.

(@) No correction of viscosity (b)  Correction using , average” temperature
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Figure 10. Effect of different viscosity corrections on the Stribeck behaviour for the parallel con-
figuration with pin C (800 x 5 um): (a) No correction of viscosity, (b) Correction using “average”
temperature, (c) Correction using oil temperature and (d) Correction using oil temperature and

pressure, showing that only the correction based on instantaneous oil temperature collapses the data
onto a single trend.

The most consistent behaviour is obtained when viscosity is corrected using the instan-
taneous oil temperature (Figure 10d). For the viscosity correction, a single representative
in-contact oil temperature was used, evaluated as the mean value within a central area
between dimples. In this case, the data collapse onto a nearly single power-law trend over
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the whole range of loads and speeds, independent of the local operating temperature. This
confirms that the apparent non-linearity in the uncorrected Stribeck curves is largely a
consequence of temperature-induced variations in viscosity, rather than changes in the
lubrication regime.

In addition to the temperature-based viscosity correction, the pressure-viscosity depen-
dence was also evaluated using the nominal contact pressure, as summarized in Figure 10d.
The comparison indicates that the pressure contribution has a negligible effect on the cor-
rected friction trends across most operating conditions. A measurable influence is observed
only under the highest load at the lowest temperatures, where the pressure—viscosity
term produces a slight upward shift in the corrected COF (i.e., a minor change along the
y-direction). Overall, the correction confirms that the experimentally observed scatter and
alignment of the Stribeck-type curves are governed primarily by the temperature-viscosity
effect, whereas pressure-viscosity coupling plays a secondary role within the present
operating window.

When the correction using in-contact oil temperature is applied, data for all pins and
both contact geometries can be plotted together, as shown in Figure 10. In the parallel
configuration (Figure 11a), all textured pins and the smooth reference pin fall within a
relatively narrow band, with only modest differences between the texture designs. The
inclined configuration (0.05°, Figure 11b) yields generally lower COF values and a tighter
alignment of points along the power-law trend, indicating more stable hydrodynamic
lubrication due to the controlled wedge angle.

pin

COF

0.1

0.01

0.001

° (b) 1 o Non-textured pin
o Pin A-100x 10, diagonal
é o PinB-400 x 20, diagonal
01 + Pin C - 800 x 5, diagonal
Pin D - 800 x 5, in-line

+ Pin E - 800 x 10, diagonal

x x  Pin F - 800 x10, in-line

e Raimondi & Boyd 1955

0.1 1 0.001 0.01 0.1 1
i (m/s) . n (Pa.s i (m/s) . n (Pa.s
F(N) F(N)

Figure 11. Stribeck-type curves (COF vs. modified Hersey parameter) for the tested pins under
(a) parallel and (b) inclined contacts. For inclined contact (b), the solid line shows a classical
hydrodynamic reference for a fixed-incline slider bearing according to Raimondi and Boyd [36],
evaluated for an equivalent pad geometry (L = 5.2 mm, B = 4.1 mm; L/B = 0.785) using viscosity
corrected by the experimentally measured in-contact oil temperature.

To provide a first-order hydrodynamic benchmark, Figure 11b was complemented
with a reference COF trend obtained from the classical fixed-incline slider-bearing charts
of Raimondi and Boyd [36]. An equivalent rectangular pad geometry was assumed, with
the pad length set to the pin diameter (L = 5.2 mm) and the pad width derived from
the projected contact area (B = 4.1 mm), resulting in an L/B ratio of 0.785. The bearing
characteristic number (Kf) was evaluated using the lubricant viscosity corrected by the
instantaneous in-contact oil temperature measured experimentally, and the corresponding
friction coefficient was obtained from the published charts. Because the chart coverage
does not fully span the complete experimental range, the reference curve was extrapolated
accordingly. The comparison indicates that the Raimondi-Boyd prediction reproduces the
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overall increase in COF with increasing characteristic number but remains systematically
lower than the measured values.

Figure 12 shows the same corrected friction data, colored by the oil temperature. This
representation highlights that a wide range of contact temperatures (from ~23 °C to over
60-70 °C) leads to very similar COF when viscosity is properly corrected, further underlin-
ing the importance and effectiveness of the temperature-based correction.

(a) 1

(b) 1
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Figure 12. Stribeck curves corrected using in-contact oil temperature for all texture patterns in
(a) parallel and (b) inclined (0.05°) contacts (same as in Figure 11), with data points colored by oil
temperature in the contact.

To quantify the influence of individual textures on friction and to evaluate the impact
of the viscosity correction based on the instantaneous in-contact temperature, a two-step
comparison is performed (Figure 13, inclined contact). For the uncorrected dataset, the
relative change in COF with respect to the smooth reference pin is computed at each
value of the characteristic number (identical for all pins) and then averaged over the range
covered in this study. For the viscosity-corrected dataset, COF for each pin is obtained from
the power-law relationships derived from the fits in Figure 11b, evaluated over the same
range of the uncorrected characteristic number, and then averaged.

Pin A Pin B Pin C Pin D Pin E Pin F

g 30

S 0 B Uncorrected

,:‘ Corrected

5 10 Ff ———— =
1. o0 —

5| 8 ]

3 IR (L[ — l ------ SR | — -
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E° 80 p————-——————— T -
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Figure 13. Relative change in the coefficient of friction (COF) of textured pins A-F with respect
to the smooth reference pin for the inclined contact. “Uncorrected” values are averaged from the
measured COF at identical values of the characteristic number. “Corrected” values are obtained from
the power-law fits in Figure 10b, evaluated over the same characteristic-number range, and then
averaged.

Figure 13 shows that the viscosity correction increases the separation between the
individual textures. In the inclined configuration, pins B, D, and F exhibit the largest
improvement, with a COF reduction exceeding 30% relative to the smooth pin. Pins C
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and E also reduce friction, although to a smaller extent. The only texture that consistently
increases friction is pin A, which features the smallest diameter of the dimples. For parallel
surfaces, the ranking of texture patterns differs, likely due to the stronger influence of
cavitation and unsteady conditions in nominally parallel gaps. Overall, texturing yields
a systematic reduction in friction compared with the smooth reference; in the inclined
configuration, this reduction becomes more pronounced after viscosity correction, whereas
in the parallel configuration, the texture effect remains more moderate and is more sensitive
to unsteady film behavior.

3.3. Lubricant Film Thickness Measurement

The lubricant film thickness was measured by fluorescence microscopy and evaluated
as a function of the same combined parameter on the y-axis. Figure 14 shows results for
pin C (800 x 5 um) for both parallel and inclined contacts, with points colored by oil

(a) 100

pin

10

Lubricant film thickness (pum)
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o
~"
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Figure 14. Lubricant film thickness as a function of the combined parameter for pin C (800 x 5 um)
in (a) parallel and (b) inclined (0.05°) contacts, together with typical intensity maps from fluorescence
imaging for (c) parallel and (d) inclined contacts, showing cavitation in parallel contacts (the arrows
indicate lubricant flow).

In the parallel configuration, the film thickness exhibits a large scatter and frequently
falls below 10 um. This regime is susceptible to small variations in alignment and to
dynamic effects, such as disc run-out, which can lead to intermittent thinning and local
rupture of the film. The scatter is further enhanced by cavitation between individual
dimples, resulting in rapid changes in oil film thickness, as illustrated by the intensity maps
from fluorescence imaging in Figure 14c. Therefore, there is no clear correlation between
film thickness and the combined parameter, and the data does not fit a clear trend in the
same way as the friction data after viscosity correction.

In the inclined configuration, the lubricant film thickness remains consistently above
10 pm over most of the measured range and increases moderately with the increasing
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characteristic number. This indicates robust full-film hydrodynamic lubrication in the
wedge contact.

3.4. Local Effects
One of the study’s aims was to investigate the local thermal effects occurring in
dimples. It was found that some “local effects” can be observed in dimples using IR
thermography; however, these are more likely to be the result of local changes in film
thickness rather than local temperature changes. Some examples are shown in Figure 15,
highlighting the complexity of the problem. The following interpretation is based on
high-speed IR observation of the contact, which enabled the estimation of lubricant flow in
the dimples.
Parallel
pin
D —
disc
0.05°
pin
0.05°
D —
disc J \_ _/ \_ J \_

_—  —— —_—

Figure 15. IR images showing local phenomena associated with cavitation in dimples for different
pins and contact configurations; the arrows indicate the lubricant flow direction: (a) Pin E, parallel,
(b) Pin C, parallel, (c) Pin B, parallel, (d) Pin E, inclined, (e) Pin C, inclined, (f) Pin B, inclined.

In the parallel configuration, cavitation occurred frequently. Figure 15a shows cavi-
tation in and behind the dimple, while a part of the dimple is filled with lubricant. The
inclined oil layer creates interference fringes even in the case of an IR optical system. In
Figure 15b, cavitation occurs in the same way, but there is no longer any lubricant in the
cavity. For the smaller dimples in Figure 15¢, partial cavitation occurs in some lines of
dimples. For the wedge-gaped contacts, cavitation usually occurs only in the dimples. In
Figure 15d, interference fringes are visible within the cavitated region, indicating a thin
residual film of lubricant trapped at the dimple bottom and a locally varying film thickness.
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Figure 15e,f depict contacts without cavitation in the dimples, corresponding to conditions
with more stable lubrication. It should be noted that the annular elements in the dimples
in Figure 15f correspond to the actual shape of the pit bottom, which is not completely
smooth.

4. Discussion
4.1. Temperature Distribution in Textured Contacts

Infrared measurements in this study consistently revealed elevated lubricant and
pin surface temperatures inside micro-dimples compared to surrounding smooth areas.
This observation aligns with prior numerical and experimental studies that demonstrate
texture-induced non-uniformities in both flow and thermal fields [9,29,37]. Despite the
locally increased film thickness, the dimples exhibited higher temperatures, suggesting
that surface geometry significantly modulates local hydrodynamics and heat generation
mechanisms.

Temperature distribution in lubricated contacts is governed by the interplay of viscous
dissipation, thermal conduction, and convective transport within the fluid. One key aspect
is the partition of frictional heat between the lubricant and the solid surfaces. In fully
hydrodynamic conditions, most frictional energy is dissipated as heat in the lubricant due
to viscous shear. The exact distribution of heat depends on material thermal properties
and operating conditions: a fast-sliding, thermally insulating interface will drive more heat
into the fluid, whereas highly conductive surfaces or slower speeds allow greater heat con-
duction into the solids. In our experiments, energy dissipation occurred primarily within
the lubricant due to viscous shear. The lubricant consistently reached higher temperatures
than the steel surface, which can be attributed to the exceptionally high viscosity of the oil
and its lower thermal conductivity compared to contacting bodies.

The degree of thermal coupling between the lubricant, solid surface, and induced flow
structures depends strongly on the texture geometry and the operating regime. Shallow
dimples tend to concentrate shear near the moving surface, locally heating the fluid adjacent
to that surface more intensely. Similarly, very deep or large textures might induce regions
of disturbed flow or even intermittent contact, potentially introducing solid friction heating
under heavy load. On the other hand, deeper or larger dimples promote recirculation and
mixing, which spread heat more uniformly through the film. A trapped vortex means the
fluid is sheared for a longer time, accumulating heat in a pocket and increasing its tem-
perature. This phenomenon has been confirmed numerically [9] and experimentally [29],
where dimples exhibit localized temperature rises due to shear within stagnating vortices.
However, other texture geometries—especially grooves—can induce oil flow in textures
and enhance convective cooling, thereby reducing the temperature rise [26].

In our experiments, no direct correlation was found between dimple geometry and
friction reduction beyond the temperature-corrected viscosity effect. However, the signifi-
cant local temperature rise observed inside dimples suggests that microflow—temperature
coupling may exist. The thermal field can be further affected by local shear, the slip
condition at the oil-surface interface [28] and non-Newtonian lubricant behaviour (e.g.,
shear-thinning [38]). In-texture cavitation also plays an important role, which is discussed
in a separate chapter. The viscosity-corrected friction trends retained a near-power-law
form, indicating that, under current conditions, temperature-induced viscosity changes
predominate over secondary thermohydrodynamic phenomena.

4.2. Temperature-Based Viscosity Correction

To account for thermal effects on viscosity, the instantaneous oil-film temperature in
each test point was used. This differs from some prior approaches that relied on indirect
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measurements, e.g., [27] monitored journal bearing temperature with an embedded ther-
mocouple in the housing and assumed it represented the film temperature. By contrast, our
infrared method measures the local lubricant temperature in situ, capturing transient and
spatial variations. In practice, using the local oil temperature yields a more direct estimate
of the oil viscosity than measurements taken from the side or housing. However, the IR
technique requires careful calibration and access through an optical window, whereas a
thermocouple is simpler and robust.

By comparing the filtration method based on instantaneous lubricant temperature and
the “average IR” temperature, oil temperature compensation proves to be more accurate,
as shown in Figure 10 for parallel contacts. When the contact conditions are less severe in
terms of temperature and friction power, compensation using the average instantaneous
contact temperature also provides reasonable results, and this measurement method is
much simpler than using two narrow-band filters.

The present temperature-based correction explicitly accounts for the temperature de-
pendence of viscosity, as viscosity is the property that most directly governs hydrodynamic
shear stress and film formation, and it is also the key parameter appearing in the modified
Hersey/characteristic number used for normalization. Other temperature-dependent prop-
erties (density, thermal conductivity, heat capacity) and potential non-Newtonian behavior
were not parameterized in the correction. Their primary impact in the present experiments
is through the resulting temperature field and heat partitioning; this influence is already
reflected in the measured local oil-film temperature that is used to evaluate the instan-
taneous viscosity. In addition, available data indicate that the temperature dependence
of lubricant thermal conductivity is often relatively weak compared to other effects (e.g.,
pressure), suggesting a secondary role in many operating ranges [39,40]. Finally, numerical
analyses of thermal wedge mechanisms report that the thermal density-wedge contribution
is negligible compared to the thermo-viscous (viscosity-wedge) effect, supporting viscos-
ity as the dominant temperature-sensitive property for first-order normalization [12]. A
quantitative separation of second-order couplings would require a robust coupled THD
numerical framework; therefore, the present work focuses on experimentally robust in-
terfacial temperature mapping and viscosity-based normalization as the most physically
justified first-order correction.

The observed offset between the hydrodynamic chart prediction and the experiment
is not unexpected, as the Raimondi-Boyd solution [36] represents an idealized fixed-
incline rectangular slider bearing under isoviscous, steady, fully flooded assumptions
and with simplified boundary conditions. In contrast, the present contact is defined by a
circular pin footprint on a rotating disc, and the “equivalent” rectangular dimensions only
approximate the actual flow domain and edge leakage paths. This geometric mismatch
affects side leakage and pressure-shear partitioning, and can lead to systematic differences
in predicted friction.

Additional contributors to the deviation include effects not captured by the chart-based
model: (i) non-uniform thermal fields and cross-film temperature gradients (non-isoviscous
behavior) even when viscosity is evaluated from the measured instantaneous oil tempera-
ture, (ii) inlet/outlet boundary conditions that may deviate from fully flooded operations
(local starvation or recirculation on the rotating disc), (iii) unsteady cavitation/film rupture
events that alter the effective shear area, and (iv) sensitivity to extrapolation of the chart
data outside the original parameter range. Therefore, the Raimondi-Boyd curve should
be interpreted as a baseline hydrodynamic reference, demonstrating that the measured
trends are consistent with classical hydrodynamic scaling. The remaining offset, however,
motivates more application-specific modeling (e.g., Reynolds/THD solutions for the actual
circular footprint and thermal boundary conditions) in future work.

https:/ /doi.org/10.3390/lubricants14020064


https://doi.org/10.3390/lubricants14020064

Lubricants 2026, 14, 64

19 of 27

4.3. Coupling Mechanisms in Textured Thermo-Hydrodynamic Contacts

The coupling between transient local temperature rise and lubricant properties (pri-
marily viscosity) is a key feedback mechanism influencing friction in lubricated contacts.

This thermal-viscous interaction alters the local film thickness and, by extension,
the friction coefficient. Under the tested hydrodynamic conditions, this coupling man-
ifested predominantly as a continuous trend along a power-law slope in the feedback
loop: frictional dissipation—local temperature increase— viscosity drop (and slight density
drop)—+altered hydrodynamic balance— changed pressure distribution and film thickness.
In the hydrodynamic regime, this thermal-viscous feedback can be self-limiting.

The current results show that different surface textures led to different equilibrium oil
temperatures during tests—textures that generated higher frictional dissipation warmed
the oil more, further lowering its viscosity and, in some cases, somewhat mitigating their
own friction (a self-correcting effect). By contrast, textures that inherently reduced friction
(through hydrodynamic effects) caused less heating, so the oil remained more viscous,
slightly counteracting the friction reduction. In textured contacts, these temperature vari-
ations are often local—e.g., a hot spot inside a dimple lowers the viscosity there, which
could either locally reduce shear stress or, if it occurs primarily near the moving surface,
potentially contribute to a micro-scale viscosity wedge that lifts the load.

Thermal expansion of the solid surfaces can locally alter film thickness by creating a
“thermal wedge” effect—i.e., a localized distortion of the surface geometry due to tempera-
ture gradients. A hotspot near the trailing edge of a texture may increase clearance, while
one near the inlet may reduce it. Although such effects are well-documented in mechanical
seals [41], they are likely negligible in our study due to the small texture size and mod-
est temperature rise. However, under higher loads or prolonged heating, thermo-elastic
feedback could become significant.

Although this study focused on the hydrodynamic regime, thermal-fluid—solid cou-
pling may behave differently in other lubrication regimes. In mixed lubrication, where film
thickness decreases and asperity interactions emerge, local frictional heating may have
a stronger impact on viscosity and pressure development [42]. In boundary lubrication,
friction is largely governed by surface properties, but flash temperatures at contact spots
can still influence lubricant rheology. The present infrared and viscosity-correction method-
ology may be extended to such regimes in future work, provided film stability and surface
sensitivity are addressed.

4.4. Effect of Surface Texturing Parameters

The primary objective of this study was not to optimize texture parameters for a
specific operating point, but to demonstrate how instantaneous temperature-based vis-
cosity correction affects the interpretation of friction trends for textures of different scales.
Relatively large dimples were selected to enable robust IR evaluation and to facilitate
observation of local phenomena. They are also consistent with thermo-hydrodynamic
optimization trends reported by Meng and Khonsari [9,10]. Their THD analyses of dim-
pled parallel sliders recommend dimensionless dimple depth Hg = hg/hg around 0.6 for
maximum load-carrying contribution and Hg ~ 1.0 for minimum COF, and they recom-
mend dimple area ratio S < 25% to avoid deterioration of the viscosity-wedge contribution.
Our textures have coverage ~14-17%, i.e., within the recommended range, and the se-
lected depths (5 and 10 um for the 800 um dimples) were chosen to bracket the Hg ~
0.5-1 H range for the characteristic film thicknesses measured in our wedge configuration
(typically > 10 pm).

Despite the non-optimized texture design, most textures reduced friction relative to
the smooth reference, with the best-performing textures achieving a reduction of ~30%
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compared to the smooth pin in the inclined configuration (Figure 12). The correction
generally increases the separation between textures and can change their ranking because
the uncorrected comparison mixes the intrinsic texture effect with temperature—viscosity
feedback: different textures produce different thermal responses, altering the effective
viscosity during the test. This is illustrated in Figure 16, which shows a correlation be-
tween COF and the oil temperature used for correcting the inclined contact. Applying the
temperature—viscosity correction shifts data toward lower characteristic numbers because
the effective viscosity decreases with increasing in-contact oil temperature. This correlation
suggests that higher oil temperatures are primarily a consequence of increased frictional
dissipation (pin A and non-textured pin).
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Figure 16. The relative oil temperature used for temperature-viscosity compensation in Figures 11
and 12 for inclined contacts and the highest load of 50 N.

The effect of texturing should not be interpreted as a shift in the lubrication regime.
However, the textures still modify the hydrodynamic flow field and film-thickness distribu-
tion in a geometry-dependent manner. In the present full-film regime, friction is primarily
viscous; therefore, differences can arise from (i) changes in the effective shear rate due to
local film-thickness modulation, (ii) micro-hydrodynamic pressure perturbations around
dimples (which can slightly change the mean separation), and (iii) additional dissipation
associated with recirculation/mixing inside cavities.

A strict one-to-one correlation with a single geometric parameter (areal coverage,
depth, diameter, or orientation) cannot be claimed because these parameters are not varied
independently across the pin set. Nevertheless, the observed ranking for inclined contact
is consistent with the following qualitative trends: the smallest dimples (Pin A) provide
little hydrodynamic benefit and can even increase COF, likely because the cavity volume
is insufficient to generate a meaningful local film-thickness/pressure effect while still dis-
turbing the near-wall shear field. In contrast, textures with a larger characteristic scale
and/or more favorable orientation with respect to the main flow direction can promote
smoother entrainment and a slightly thicker effective film, leading to a systematically lower
COF. Conversely, overly large/deep features may increase losses through stronger recircu-
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lation and unsteady two-phase behaviour in nominally parallel gaps, which can offset the
benefit—consistent with the configuration-dependent ranking observed in the data.

The question is how much of this benefit comes from purely geometric hydrodynamic
effects (i.e., the textures generating additional lubricant film pressure or reducing shear
by altering flow geometry) versus thermal effects (the textures causing local heating or
changes in lubricant state that reduce friction). It is likely that, under the tested conditions,
the majority of the friction reduction is geometric/hydrodynamic in nature, with a smaller
fraction attributable to thermal feedback; however, there may be a synergistic interplay
between the two.

4.5. Local Thermal Effects

This work hypothesizes that the thermal effects could be “quantitative”, where the rela-
tion between friction and temperature lies simply in a change in viscosity, and “qualitative”,
causing other significant variations in friction, lubricant film thickness and load-carrying
capacity. Since the viscosity-corrected Stribeck curves in Figures 11 and 12 retain a near
power-law form, the dominant thermal contribution in the present dataset appears to be
the temperature-driven viscosity reduction (“quantitative” effect). Within the resolution
and scatter of the present experiments, we did not identify additional thermal mechanisms
that would systematically alter the slope or shape of the viscosity-corrected trend. How-
ever, more subtle thermohydrodynamic contributions (e.g., viscosity- or density-wedge
action) may still exist and become detectable under more favorable operating and thermal
boundary conditions.

Numerical work suggests that the thermal/ viscosity-wedge contribution is most likely
to become detectable in nearly parallel gaps when a sufficiently large cross-film temperature
gradient is sustained by the operating and thermal boundary conditions. For a nominally
parallel gap of iy ~ 20 pm, Cui et al. [12] predicted a monotonic increase in load support
with sliding speed, yet also showed that the sign and magnitude depend strongly on
boundary conditions; for boundary conditions representative of typical metallic contacts, a
clearly positive net effect emerges only at higher speeds (order > 25 m/s). In micro-textured
parallel-surface simulations, Meng and Khonsari [9] similarly reported that the viscosity-
wedge influence is weak at a low Reynolds number, and becomes pronounced only when
the combination of high speed (tens of m/s), small film thickness (order 5-20 um), and
thermal boundary conditions promotes strong shear heating and a temperature gradient
across the film.

In the present experiments, the speed range (0.3-8.1 m/s) and the stable wedge
configuration (film thickness mostly >10 pm) are therefore expected to yield only a modest
viscosity-wedge contribution relative to the dominant geometric wedge. Further increasing
the sliding speed in the current pin-on-disc configuration is challenging due to the dynamic
unsteady conditions and centrifugal forces acting on the lubricant layer on top of the disc.
Conducting experiments in a parallel configuration, on the other hand, poses challenges
related to unstable cavitation, as discussed in the following chapter.

Regarding the texture geometry, a local thermal wedge effect may arise if a particular
texture creates a hot spot in the lubricant, which then influences the film shape or pressure.
The likelihood of this depends on both texture parameters and operating conditions. Nu-
merical studies [9,10] indicate that a pronounced viscosity-wedge effect in textured parallel
contacts emerges when the texture depth-to-film thickness ratio is optimized (Hg/ho ~ 0.6)
and the area density is low (S < 25%), thereby minimizing cavitation. The effect becomes
more significant at high values of the dimensionless bearing number (A > 1000), i.e., at
higher speed, higher viscosity, and smaller film thickness. In the current study, the combi-
nation of high oil viscosity, modest temperature gradients, and the presence of unsteady
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cavitation likely suppressed the development of a strong viscosity-wedge effect, although
its contribution cannot be entirely excluded.

Overall, the present parameter space did not yield an unambiguous experimental
signature of viscosity- or thermal-wedge action beyond the dominant viscosity reduction
captured by the in situ oil-temperature correction. This does not contradict prior numerical
predictions; rather, it highlights the strong sensitivity of the effect to thermal boundary
conditions and to the stability of the film in nominally parallel gaps. For example, Cui
et al. [12] predict an increasing load-carrying contribution with sliding speed already in the
single-digit m/s range, with the strongest response obtained under “adiabatic” boundary
conditions that sustain a pronounced cross-film temperature gradient. In our experiments,
the near-parallel configuration was frequently affected by cavitation and film-thickness
fluctuations, which can mask small, wedge-driven thermal asymmetries. In contrast, the
inclined configuration provided more stable full-film lubrication but smaller temperature
gradients. Therefore, targeted experiments with boundary conditions optimized for stable
gradients (e.g., the use of a thermally insulating coating on the pin surface) are a logical
next step, enabled by the present IR methodology.

4.6. Cavitation-Related Effects

Cavitation can enhance hydrodynamic pressure generation in parallel-textured con-
tacts via inlet suction and entrainment mechanisms [43]. Under certain conditions, ex-
panding vapor zones near the inlet of micro-dimples can generate a localized pressure
drop, promoting lubricant entrainment and effectively increasing film thickness and load-
carrying capacity. In the present study, cavitation occurred only occasionally in inclined
contacts (Figure 14d), where it remained localized to the outlet side of dimples and exhib-
ited a relatively stable shape. In parallel contacts (Figure 14c), cavitation was observed
extensively in the whole contact area. Instead of increasing load capacity, it appears to
destabilize the film by disrupting the flow continuity, especially in the outflow region
of dimples, where vapor pockets intermittently break the fluid film. These cavitation
zones changed dynamically over time, reflecting the inherent instability of real pin-on-disc
experiments with nominally parallel geometries.

Cavitation can have a significant impact on heat distribution in textured contacts.
Within cavitated regions, the absence of liquid lubricant disrupts viscous shear heating and
alters thermal conduction pathways. Although the vapor phase itself carries little heat,
it acts as a thermal insulator between the surface and the fluid. Due to the low thermal
conductivity of a gas, localized hotspots form near the gas-liquid interface, as observed in
infrared studies and simulations [10,26,37,43].

In experiments using infrared microscopy, cavitation also affects temperature detec-
tion. The coexistence of gas and liquid made the overall temperature distribution more
heterogeneous—some points were “cold” (air) and others “warm” (oil), increasing the
spatial temperature differences. If only the “overall” temperature is measured, this leads to
an underestimation of the lubricant temperature [26]. However, this masking mechanism
does not apply in our study, as we utilize dual filtering of the IR signal. In the spectral
bands used (3-5 um), air exhibits nearly full transmissivity, meaning that a vapor-filled gap
transmits IR radiation from the underlying oil or solid surface with minimal attenuation.

The greater challenge of the current dual-filter IR method lies in the non-stationary
nature of cavitation zones in nominally parallel contacts. Because the cavitation pattern
changes dynamically during rotation, it is not possible to acquire synchronized multi-filter
IR images or film-thickness readings under identical conditions. As a result, cavitated
regions were excluded from all quantitative temperature evaluations in this study, and only
stable, liquid-filled zones were considered for thermal analysis.
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4.7. IR Thermography Strengths and Limitations

The infrared thermography technique offers significant advantages for studying lubri-
cated contacts. It is non-contact and spatially resolved, providing full maps of temperature
on both the oil film and the surfaces. Importantly, the distinction between lubricant-film and
solid-surface temperatures is not achieved by geometric depth resolution across the film
thickness, but rather by a radiometric separation using the calibrated dual-band method
and lubricant- and surface-specific calibration functions. Thus, resolving small oil-surface
temperature differences is primarily limited by radiometric sensitivity and calibration
uncertainty rather than by pixel size.

This in situ imaging is valuable for validating thermal models. The trade-off is that
IR measurements are complex: each test requires careful calibration and a sequence of
measurements that cannot be performed consecutively within a single test due to constantly
increasing temperatures or the need to replace the optical system. Compared to established
procedures used in point contacts, the examined system is more complex and introduces
several challenges. Attention must be given to calibration accuracy, as conformal contacts
typically show lower “flash” temperatures. At these lower temperatures, the method faces
limitations—especially when optical filters are used—because the signal captured by the
camera sensor is weaker, making it difficult to reliably evaluate small temperature changes.

A meaningful simplification may be to evaluate only the “average” temperature, where
optical filters are not used, but at the cost of not being able to distinguish between radiation
sources. To compensate solely for viscosity based on instantaneous temperature, this
approach may be sufficiently representative for lower speeds and loads, as well as inclined
surfaces. Another significant complexity is the need to measure the film’s thickness to
compensate for its influence. IR calibration showed that the thickness-dependent emissivity
effects are negligible for films thicker than ~10 pm. So, the film-thickness corrections may
not be necessary if there is certainty that the film thickness is greater.

To estimate measurement and evaluation uncertainty, several sources should be con-
sidered. Uncertainty and limitations of the calibrated dual-band temperature evaluation.
The temperature evaluation relies on fitted calibration curves obtained at discrete tempera-
ture setpoints; therefore, a model (fit) residual exists in both calibration and subsequent
evaluation. By reprocessing the original calibration datasets with the final calibration
mapping, the residual deviation relative to the reference temperatures is approximately 2%,
representing a systematic component that could be further reduced by applying a small
bias correction factor. A second uncertainty source is noise in the IR optical chain, which
becomes most relevant for small temperature gradients and may be amplified by the L-S
filter compensation because the S-filter channel has a lower dynamic range. Consequently,
the absolute uncertainty is estimated to be about +2 °C for small gradients (AT < 10 °C)
and closer to 1 °C for larger gradients. The most important contribution is the transfer of
uncertainty between the calibration configuration and the actual tribological measurement.
This is mitigated by performing the calibration with the real contact bodies and a precisely
defined gap, and by minimizing bulk heating and background drift through short test
durations. Overall, the in-contact oil temperature used for viscosity correction is expected
to be accurate within +1-2 °C (and conservatively +2 °C under very small gradients) when
evaluated in liquid-filled regions consistent with the calibration assumptions.

Importantly, the above values describe the absolute uncertainty. For a comparative
analysis between pins tested with the same lubricant, calibration curves, and identical
measurement settings, the relative uncertainty is substantially smaller because systematic
components largely cancel each other out. The uncertainty of temperature differences
between pins is therefore estimated to be within +0.5 °C.
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As already mentioned in part 4.6, in nominally parallel gaps, cavitation patterns were
often unsteady: vapor pockets formed and migrated within the field of view during the run,
reflecting a time-varying two-phase film rather than a stationary cavitation boundary. This
behavior limits the quantitative interpretation of local measurements in cavitated zones
for both IR thermography and film-thickness evaluation. A practical future approach is
therefore to use single-band high-speed IR imaging to capture transient relative thermal
signatures, complemented by synchronized high-speed photography and/or film-thickness
measurements to identify the local two-phase state and enhance the reliability of thermal
interpretation in cavitating regions.

In this work, the IR approach provides spatially resolved 2D temperature maps
projected on the contact plane (separately for the lubricant film and the pin surface) and does
not directly deliver the full three-dimensional temperature field across the film or inside
the solids, as implemented in the ball-on-disc configuration [20]. Extending the analysis
toward 3D reconstruction and fully coupled THD modelling would require additional
assumptions and inputs (e.g., temperature-dependent properties, interfacial heat transfer,
and well-defined thermal boundary conditions), and it becomes particularly challenging
for textured contacts where local recirculation and cavitation must be resolved at the
texture scale. A further practical constraint is the lack of direct temperature access at
the sapphire disc surface. A standard workaround is to apply an IR-opaque metallic
coating (e.g., Chromium) on the transparent disc and infer its temperature from the coating
emission; however, in our high-shear experiments, the durability of such coatings was
insufficient. For these reasons, the present study focuses on robust interfacial temperature
mapping on the pin side, temperature-based viscosity correction, and separately acquired
film-thickness information as an experimental basis for future modelling efforts. Future
work will focus on improving access to and measurement stability of disc temperature,
enabling 3D temperature-field reconstruction and a more direct quantitative comparison
with coupled THD simulations.

4.8. Experimental Setup Limitations

The slider-/pin-on-disc configuration used in this study is a controlled model contact
and does not fully reproduce the conformal geometry and three-dimensional flow fields
of practical journal bearings or thrust pads, nor the full complexity of texture orientation
relative to inlet/outlet boundaries. The geometry was chosen intentionally because it
provides excellent control and repeatability of the operating conditions (load, speed, lubri-
cant supply) and, critically, allows precise adjustment and in situ verification of the global
gap inclination—a key requirement for separating geometric-wedge effects from texture-
induced and thermal effects, and a feature that is difficult to achieve in radial bearing
rigs. Consequently, the present work should be viewed as a robust experimental platform
and a well-controlled dataset for subsequent comparison with hydrodynamic/thermo-
hydrodynamic models, rather than as a direct replication of a specific machine element.

The sapphire counterface primarily serves as an optical enabler; therefore, the results
should be interpreted as representative of hydrodynamic lubrication under the tested
surface finishes, rather than being directly generalized to rougher industrial pairs or
mixed/boundary regimes. The exceptionally smooth sapphire surface and potentially
different wetting/adhesion behavior can influence cavitation inception and suppress
roughness-controlled mixed/boundary-lubrication effects. Interfacial slip phenomena
have been reported in the literature for hydrodynamic lubrication at micro-scales; how-
ever, under micrometer-scale films and fully wetted conditions they are expected to be of
secondary importance compared with viscosity and film thickness effects [44].
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5. Conclusions

A robust experimental method based on infrared thermography was developed to
assess temperature distributions in hydrodynamic sliding contacts with textured surfaces.
This experimental platform and dataset can be utilized for future validation of hydrody-
namic/THD models.

Key findings include:

e  Lubricant temperature consistently exceeded surface temperature, confirming shear
heating in the fluid as the dominant source of frictional heat.

e  Local thermal variations were observed, with slightly elevated temperatures in dim-
ples, but no unambiguous viscosity-wedge signature under the tested conditions.

e  Correcting lubricant viscosity using instantaneous oil temperature improved the align-
ment of Stribeck curves, highlighting the necessity of accounting for local temperature
when evaluating tribological behavior.

o  The effect of surface texturing on friction was systematic but texture-dependent. After
viscosity correction, the relative COF reductions became more pronounced, reaching
>30% for the best-performing textures compared with the smooth reference.

e  Cavitation and nonstationary film behavior in parallel contacts posed challenges for
IR evaluation and likely obscured subtle local thermal effects.

The technique provides a valuable tool for experimental validation of numerical
models. Future work will aim to improve resolution in cavitating zones and explore higher-
speed or higher-pressure regimes where thermal wedge effects may be more pronounced.
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