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Abstract: Limited lubricant supply (LLS) with tuned dosage is an emerging approach to reduce
friction and energy consumption. However, LLS can cause severe starvation when the oil supply is in-
sufficient. Therefore, how to effectively replenish oil to the lubricated contact in LLS operation is very
important. Using a custom-made optical slider bearing test rig, this work experimentally revealed
some characteristics of LLS lubrication in a cylinder-on-disc contact, and proposed two wettability
gradient patterns, namely stripe wettability and interlaced wettability, to regulate the lubricant
supply to improve the lubricating properties of LLS. The effect of these two wettability patterns
was evaluated experimentally according to the lubricating film thickness. The interferograms of the
bearing contact under LLS show that the two patterns can augment the oil replenishment through
unidirectional lubricant transport by the unbalanced interfacial force via the wettability gradient.
Moreover, the interlaced wettability pattern is more effective due to the discontinuous distribution of
lubricant from its hydrophilic/hydrophobic region intervals and the transfer of the hydrophobic film
to the hydrophilic regions.

Keywords: limited lubricant supply; line contact; interface effect; hydrodynamic lubrication

1. Introduction

Lubricated line contacts can be found extensively in many industrial practices. Typical
examples include roller bearings, gears, piston ring/cylinder liner systems, and twin-disc
contact in tribometers. It is well known that excess lubricant provides no additional benefit
to the lubrication of mechanical components. Oil supply is a trade-off between the fully
flooded and the severely starved conditions for optimum lubrication performance. In other
words, the amount of lubricant used should be limited or intentionally designed to reduce
friction and temperature rise. An example can be found in the air-oil lubrication of rolling
element bearings [1]. In the meantime, insufficient lubricant supply is a critical issue in
line contact tribo-pairs, which typically occurs if there is no efficient intermittent lubricant
feeding during machine operation. For example, failures of needle roller bearings [2]
in automatic transmissions are reported due to the starvation in the form of uneven oil
distribution in the gap between the needle rollers and the inner and outer bearing ring
surfaces. For piston ring-cylinder liner contacts, insufficient oil supply is a major cause
of scuffing [3]. Gear failures are susceptible to lubricant starvation or loss [4]. Therefore,
strategies for oil replenishment to the tribo-pairs using LLS or when starvation occurs need
to be explored.

In fact, considerable experimental work has been carried out to understand the lubri-
cation behavior of line contacts under starved conditions. The lubrication behavior of line
contacts has been characterized since optical interferometry was first proposed to measure
elastohydrodynamic lubrication (EHL) thin films in the 1960s. For example, in the work
of Gohar and Cameron [5] and Wedeven et al. [6], transverse film constriction was clearly
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demonstrated at the roller contact edge. Wymer et al. [7] captured the interferograms of the
roller contact end and found that starvation occurred at relatively slow speeds. The film
thickness they measured was slightly higher than the theoretical calculation by Wolveridge
et al. [8]. In a subsequent study, Dmytrychenko et al. [9] reported the local film thickness
as a function of the inlet boundary distance under starvation conditions, with the film
shape at the end of the roller becoming more parallel as lubricant starvation increased.
Wang et al. [10] explored the unstable starvation phenomenon of line contact EHL at steady
speeds. They found that speed and viscosity had obvious effects on instantaneous star-
vation. In addition to the interferometry measurements of the starved lubrication of line
contacts, other experiments were also carried out. Ebner et al. [11] confirmed that a very
small amount of initial oil was sufficient for lubrication of EHL line contacts at the FZG
twin-disk test rig, although the contact was under starved conditions. They found that the
initial oil volume had no marked influence on the coefficient of friction (COF) of polished
and axially ground discs. Obert et al. [3] observed the oil distribution by laser-induced fluo-
rescence (LIF) using a newly developed piston ring/cylinder linear model test rig, and they
showed that the oil available in the contact gradually decreased over time until scuffing
began, and the level of friction coefficient was not significantly affected by the oil supply
rate. However, in the study by Michelberger et al. [12], it was shown that the oil supply had
a significant effect on COF, which was attributed to different working conditions. Chevalier
et al. [13] and Damiens et al. [14] showed theoretically that, for circular point contacts
under fully flooded conditions, the oil supply will be fully used to lubricate the contact
when the inlet oil layer thickness is less than half of the film thickness. As the inlet oil layer
gets higher, only part of the oil supply forms a lubricating film in the contact due to the
side flow around the contact. With even a small increase in oil supply, it will approach an
asymptotic film thickness (the film thickness under fully flooded conditions). For finite line
contacts, there should be similar behavior even they have more side flow resistance, and it
may account for the different friction variations with the oil supply [3,11,12].

Many theoretical studies on starved line contacts can also be found in the literature.
The effects of starvation and other operation factors, such as thermal effect, non-Newtonian
behavior, and surface roughness on lubrication have been extensively investigated. Venner
and Hooke [15] carried out numerical calculations to determine the extent of roughness
attenuation under starved line contact lubrication. Yang et al. [16] conducted a numerical
study on the relation between the inlet meniscus and the lubricant thickness considering
thermal and non-Newtonian effects, and their results revealed that in starved contacts,
the film temperature rise is lower and traction force is larger than those in fully flooded
contacts. Furthermore, there is also a considerable interest in the thermal starved EHL
model for gears. Zhu et al. [17] studied the influence of the shape of the inlet oil layer
under the same degree of starvation and revealed that a convex profile leads to a higher
film thickness in the contact zone. In a study by Liu et al. [18], it was shown that under
starvation conditions, the minimum film thickness along the line of action may occur in the
region around the highest point of single tooth contact. Sun et al. [19] explored the effect
of starved lubrication with increasing slip-to-roll ratios and concluded that an increase
in oil supply (inlet layer thickness) beyond its optimum value cannot further improve
the lubrication performance of cycloid drives, which is correlated to the results in [13,14].
They also found that the film temperature increases with increasing oil supply, which is
consistent with the findings of Yang et al. [16]. Based on a hydrodynamically lubricated line
contact, Biboulet et al. [20] analyzed the dependence on the starvation of the load carrying
capacity, the friction from Poiseuille flow, and friction from Couette flow, showing that the
coefficient of friction for sliding starved conditions is dominated by the Couette term.

The above studies show that insufficient oil supply may increase friction and power
loss. Therefore, severe starvation of the contact area must be avoided for effective lubrica-
tion performance. On the other hand, if an excessive amount of lubricant is used, it may
also result in high power loss, for example due to churning losses, which is unacceptable.
Therefore, it is necessary to provide the lubricant in such a way that the tribo-pairs are
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under LLS conditions so that optimum lubrication behavior with low friction losses can
be achieved. For example, the concept of drop-on-demand (DoD) lubrication is proposed
to achieve a more favorable method of lubricant supply than the conventional oil dip
or injection lubrication. Several studies have been carried out to verify its feasibility in
EHL [21,22] and demonstrated that efficient EHL films can be constructed under a certain
degree of starvation.

It is not difficult to understand that a key point of LLS lubrication is how to use the
supplied oil as much as possible to avoid severe starvation and lubricant waste. In fact,
various strategies to prevent oil starvation have been proposed. Typically surface texturing
provides an approach in which dimples or grooves are used to facilitate oil storage for
enhanced lubrication. For example, Cheong et al. [23] concluded in their experiments
using an optical piston ring/cylinder liner contact and fluorescence microscopy that micro-
dimples on the liner surface carry oil to the starved outlet, demonstrating a synergetic
effect of oil reservoirs and hydrodynamics under reciprocating sliding motion. Using an
optical EHL test rig, Galda et al. [24] achieved good tribological performance at low sliding
speeds under starved lubrication conditions, and they found that the COF decreased
more when dimples were shallow and the area density of oil pockets was small. In
their more recent studies, Galda et al. [25] displayed that the film thickness in a steel
ball-on-disc contact could be enhanced when the steel ball surface was modified with
small average height and small peak height, but with mainly shallow cavities and some
valleys of great depth. Another approach is to facilitate the active transport of lubricant
to the lubricated area through interfacial forces. Griitzmacher et al. [26] proposed a multi-
scale texturing approach that can achieve the synergetic effect of friction reduction in the
contact and oil migration out of the contact. Liu et al. [27] constructed comb-tooth-shaped
grooves on both sides of the bearing track, showing that the geometric gradient of the
grooves could enhance oil self-replenishment and increase the film thickness under the LLS.
Ge et al. [28] designed a groove structure around the lubricating track on the inner ring
surface of a rolling bearing, in which the capillary forces could directly drive the oil to
the lubricating region. Different from the surface groove/dimple approach, Li et al. [29]
and Liu et al. [30] fabricated a wettability gradient on both sides of the lubricating track
by coating a very thin hydrophobic layer. Both studies realized efficient transport and
replenishment of lubricants.

The above-mentioned studies show that the smart use of surface wettability can en-
hance the lubrication performance under LLS conditions. Unfortunately, little work has
been carried out to address the oil starvation problem of line contact, which is of high in-
dustrial importance. In this paper, two wettability gradient surface patterns, namely, stripe
wettability and interlaced wettability, are proposed for better oil replenishment to starved
line contacts. Experiments were carried out to see whether these two patterns improved
lubricant supply. The results show that both patterns can augment oil replenishment and
then achieve lubrication enhancement under LLS, which can contribute to the tribology
design of machine elements.

2. Experimental Apparatus and Working Conditions
2.1. Experimental Apparatus

An optical slider-bearing test rig [31], as illustrated in Figure 1a, was used in the
present study. The line contact is given by a stationary cylindrical slider (steel) loaded
against a rotating disc (BK7 glass). The load is applied directly by calibrated dead weights
fixed on the load lever. The alignment of the cylindrical roller is achieved by a parallel
mechanism (as shown in Figure 1b). The cylindrical roller has a diameter of 10 mm and a
length of 5 mm, while the glass disc has a diameter of 100 mm. The radius of the slider-on-
disc contact track is 25 mm, and the speed difference between the ends of the cylindrical
slider and the contact center is £10%. The specified sliding velocity is represented by
the velocity at the contact center. The surface of the disc in contact with the cylindrical
slider is coated with a Cr layer and a SiO; layer with a reflectivity of 20% to ensure sharp
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interferograms and wear resistance. Two laser beams with wavelengths of 655 nm (red light)
and 535 nm (green light) were employed as incident lights. According to the dichromatic
interference intensity modulation approach [32,33], the film thickness can be obtained with
a resolution of 1 nm.

Load Motor
Cylindrical slider ——
Lubricant < S102 + Cr layers —
Bearing —% i Disc H
Pulley : Synéhronous belt ! |
Light source Microscope Microcomputer
(green & red)

CCD

(a)

3)

(b)

Figure 1. Optical cylindrical slider-bearing test rig. (a) Schematic of the test rig; (b) slider alignment
unit, as follows: (1) adjustment bolts, (2) loading lever, and (3) holder and cylindrical slider.

Specimen oils of a given volume were put on the disc using a pipette. The test rig was
pre-run for approximately 5 min at a low speed (approximately 1 mm/s) and with a light
load (approximately 0.03-0.05 N). For each test at a fixed load and speed, the measurements
were repeated five times at each speed, and their average value and standard deviation were
calculated. The authors calculated standard deviations to check for measurement uncertainty
but did not plot data points in the figures for illustrative purpose. In the experiments,
polyalphaolefins (PAOs) were employed as lubricants, and their properties are listed in
Table 1. The speed of the disc at the contact center ranged from 27 to 527 mm/s (27.2 mm/s,
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44.6 mm/s, 73.1 mm/s, 119.8 mm/s, 196.3 mm/s, 321.7 mm/s, 411.0 mm/s, and 527.0 mm/s).
The applied loads were 6 N, 8 N, and 10 N, and the corresponding maximum Hertzian
pressures were 54.6 MPa, 63.0 MPa, and 70.5 MPa, respectively. Therefore, the operation is
under a hydrodynamic lubrication regime. Lubricant quantities used were 0.5 puL, 1.0 uL,
and 2.0 uL. Experiments were carried out under a temperature of 20 + 2.0 °C and a relative
humidity of 25 £ 5%.

Table 1. Properties of lubricants.

. Dynamic .
Lubricants Viscosity/(mPa-s@20 °C) Refractive Index
PAO20 379.95 1.48
PAOS8 109.5 147
PAO4 30.7 1.49

2.2. Disc Surface Modification

Two wettability gradient patterns (see Figure 2), namely stripe wettability and inter-
laced wettability, are proposed to regulate lubricant supply under LLS. The original disc sur-
face SiOy is hydrophilic. A commercial anti-fingerprint (abbreviated as AF, 1H,1H,2H,2H-
perfluorodecyltrimethoxy-silane) coating (refractive index ~ 1.33) was used to obtain
hydrophobic regions. Patterns of different sizes are obtained through masks, and the
detailed process is shown in Figure 3. The AF coating on the disc surface was cured at
80 °C for 30 min. The stripe wettability pattern is prepared in one step with an annular
stripe mask covering the disc surface prior to AF coating (see Figure 3). The interlaced
wettability patterns were prepared in two steps. In the first step, AF was coated on the
entire disc surface, which was then treated by O2 plasma through a mask, thus, producing
an interlaced hydrophilic (5iO;)-hydrophobic (AF) zones. From Figure 3, it can be seen
that the oil is pinned to the hydrophilic areas. The sizes of the two types of patterns are
summarized in Table 2.

Stripe wettability Interlaced wettability

BL

R.=25 mm

R.=25 mm

:

Bl Sio:
&
N

\ Qz‘ AF

Figure 2. Schematic of wettability patterns manufactured on the discs.

_©

—_—e
AF coating
Original surface!
—_—
AF coating O2-plasma
treatment

Figure 3. Scheme of surface modification and distribution of oil on the track.
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Table 2. Sizes of the stripe wettability pattern and the interlaced wettability pattern.
Stripe Wettability Interlaced Wettability
Pattern type / /// g
Central radius, Rc (mm) 25
Track width, W (mm) 4,5 5
Width of

wettability-interlaced 0.5

B =L (mm)

3. Results and Discussion

Limited lubricant supply (LLS) indicates the optimal quantity of oil for film lubrication,
which reduces the friction and temperature rise induced by large amounts of lubricant
or severe starvation. In order to achieve the optimal LLS for line contact, it is necessary
to explore the characteristics of lubricating film thickness and approaches to improve oil
replenishment, which will be presented in this section.

3.1. Lubrication Behaviors of Cylindrical Slider-on-Disc Contact under LLS

Figure 4 illustrates the evolution of the lubrication film in the line contact of the
cylindrical slider-on-disc under LLS conditions. A load of 6 N and a sliding speed of
27 to 527 mm/s were applied. Here, PAO20 was used as the lubricant with volumes of
1.0 and 0.5 puL, which theoretically correspond to the average lubricant layer thickness
of 1.27 and 0.64 pm, respectively. The annular lubrication track has a radius of 25 mm
and a track width of 5 mm. The evolution of typical starvation characteristics for the
two oil supply volumes is shown in Figure 4. From Figure 4a, it can be seen that the
increase in speed causes the decrease in the oil reservoir, and the air—oil boundary at
the inlet reservoir moves to the contact boundary. When the speed is low, the air—oil
boundary along the cylindrical slider is almost uniform, indicating that there is no severe
oil starvation. However, when the speed increases, the central air-oil boundary of the
inlet oil reservoir gets nearer to the contact boundary and leads to severe starvation, while
on both sides of the cylindrical slider, only a slight decay of the oil reservoir is observed.
Due to the centrifugal force when the speed is higher, more lubricant is pulled to the side
of the roller away from the center of the disc, as shown in Figure 4a. In particular, more
starvation can be observed for the lubricant volume of 0.5 pL (right column in Figure 4a).
At the speed of 73 mm/s, the central air—oil boundary has reached the contact boundary,
while for the lubricant volume of 1 uL, it is still some distance away from the contact
boundary. The region, where the air-oil boundary reaches the contact boundary, increases
with speed. Figure 4b presents enlarged interferograms of regions I and II in Figure 4a.
Clearly, in region II, some air—oil stripes occupy the contact gap because no oil reservoir
exists at the inlet.

Figure 5 shows the measured central film thickness vs. speed for different oil supply
volumes and the fully flooded oil supply. At low speed, the time allowing back-flow is
long so that the oil replenishment is satisfactory. Thus, there is not marked difference in
central film thickness among all the oil supply volumes. However, as the speed increases,
various oil supply volumes give different central film thicknesses, indicating insufficient oil
replenishment due to short back-flow time. The results for the fully flooded oil condition
present the highest central film thickness, and the smallest oil volume of 0.5 uL provides
the lowest central film thickness. Moreover, for the oil volume of 0.5 uL, the central film
thickness no longer increases when the speed exceeds 200 mm/s.
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To assess the loss of load-carrying capacity when using a limited oil supply, a dimen-
sionless parameter, relative film thickness hg,, is defined as follows:

hRe = hcen / hcen/full (1)

where hcen is the measured central film thickness, and heep 1 is the central film thickness
with the fully flooded oil supply. The value of /g, ranges from 0 (film failure) to 1 (fully
flooded). Figure 5b presents kg, as a function of speed. It is obvious that the higher the
speed, the greater the loss of load-carrying capacity, which is due to the incomplete oil
replenishment with the short oil back-flow time. As the speed increases, the /ige of 1.0 and
2 uL supply volumes does not decrease much after 321.74 mm/s, while the hg, of 0.5 uL
continues to decline.

27 mm/s
44 mm/s
73 mm/s
119 mm/s

196 mm/s

321 mm/s

Outlet
527 mm/s

LLS volume: 1L

(a)

I
73 mm/s 527 mm/s

(b)

Figure 4. Lubrication in cylindrical slider-on-disc contact, load = 6 N, PAO20, oil supply volume
of 1 uL and 0.5 uL. (a) Interferograms of starvation evolution with increasing speeds; (b) enlarged
interferograms of areas I and II (the white dashed line is the boundary of the air-oil meniscus, and
the center of the disc is on the right side of each image).

2.0
PAO20 Load: 6N o2
--Q-- Lo 50 S,
ol Fully flooded Y o g 10|-== REzzoommmmmmmmmm e mmmm e eeeeeaas
g 2uL = [~ o C —O—_,
3 [ ——1uL % © :\ /
T [ —e—osuL g L O
= = L O—0—0
2 s o
P 3
£ £ PAO20 Load: 6N \b
= &= L \d
= o [ - Fully flooded ~o
= = ~
E £ |
= = —o— 1pL
= ] L
g OIF s
1 [ 1
50 100 200 300 400 500 50 100 200 300 400 500
Speed u;, mm/s Speed u,, mm/s
(a) (b)

Figure 5. Film thickness vs. speed in cylindrical slider-on-disc contact, load = 6 N, PAO20, oil supply
volume of 2 uL, 1 uL, and 0.5 pL. (a) Acen Vs. ug; (b) hge Vs. ug.
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Film thickness &__, pm

e
=

g
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On the original disc surface, the oil replenishment is mainly driven by the surface tension
of the lubricant. As the lubricant approaches the roller, most of the lubricant is diverted to the
end sides of the roller, forming two side ridges. At increased speeds, the oil in the side ridges
cannot fully flow back to the lubrication track between two consecutive slide-overs.

Figure 6 shows the effect of load on licen vs. speed for fully flooded conditions (solid
lines) and the LLS of 1 uL oil volume. Figure 6a shows that /i.en decreases with increasing
load under both oil supply conditions. Figure 6b plots hge vs. speed for three different
loads. The hg, for different loads remains almost constant at first and then decreases
significantly when the speed exceeds 200 mm/s. In addition, kg, is larger for heavier loads,
indicating that the degree of starvation becomes relatively weak with increasing loads.
Furthermore, light loads present more load-carrying losses than heavy loads under LLS.
Under the present experimental conditions, the contact is in the hydrodynamic lubrication
regime, where the film thickness depends largely on loads. For the same oil supply or the
same supply oil thickness on the lubrication track, heavy loads present low film thickness
and, therefore, less starvation.

PAO20
Fully flooded
[ ——6N
8N
—o— 10N

--0-- 6N

-=0-- 10N

1pL

8N

!
|

[ PAO20 LLS: 1uL

Relative film thickness hRe

--0-- 6N
—o—8N
01 F ——10N
[ o=---- Fully flooded
Ly . . L . P | . . .
100 200 400 600 50 100 200 300 400 500
Speed u,, mm/s Speed u,, mm/s

(a) (b)

Figure 6. Film thickness vs. speed in cylindrical slider-on-disc contact, oil supply volume of 1 uL,
load =6 N, 8 N, and 10 N, PAO20. (a) hicen Vs. ug; (b) hge Vs. uq.

To clarify the effect of viscosity, three PAO oils (PAO4, PAOS, and PAO20) were
employed in the experiments, as shown in Figure 7a, to obtain the curves of film thickness
vs. speed. For both fully flooded lubricant supply and an LLS of 0.5 uL supply oil volume,
the film thickness increases with viscosity. However, under LLS, it is noted that the film
thickness increasing rates with speed are different for the three PAOs. Indeed, PAO4
presents the largest increasing rate due to its low viscosity and, thus, less oil replenishment
(flow back) resistance. At the largest speed of 527 mm/s, the film thickness of PAO4 has
caught up with that of PAOS. Similarly, the hg. of PAO4, which does not change much
with speed, is higher than that of PAO8 and PAO20. On the other hand, the hg, of PAO20
decreases sharply with increasing speed, indicating more load-carrying capacity loss.

3.2. Wettability Gradient Patterns and Enhanced Film Thickness
3.2.1. Stripe Wettability Pattern

The 5 mm-wide and 4 mm-wide stripe wettability patterns (denoted as 4 mm-stripe
wettability and 5 mm-stripe wettability) were first prepared for trapping oil in the annular
lubrication track by wettability gradient [25,26]. Figure 8 shows how hcen and hge vary as
a function of sliding speeds for the original surface, the 5 mm-stripe wettability surface,
and the 4 mm-stripe wettability surface. Two LLS volumes, 0.5 uL and 1 pL, were used.
It can be directly seen that at high speeds (>100~200 mm/s), the film thickness with the
5 mm-stripe wettability is higher than that with both the 4 mm-stripe wettability and the
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original surface under LLS volumes of 0.5 pL and 1 uL, respectively. Furthermore, from
the hge depicted in Figure 8b,d, it is clear that the 5 mm-stripe wettability can enhance
load-carrying capacity more than the 4 mm-stripe wettability under LLS. Obviously, the
present study demonstrates that the stripe wettability pattern is an effective way to trap
lubricant on the track.

5.0
Fully flooded 0.5uL Load: 6N
—o—PAO20 --0-- PAO20
PAOS PAOS _:é' L R L L L
E oL o PAO4 --o-PAO4 2 [ o
% . E
< 2
: 2
£ £
2 = L
£ @ LLS: 0.5pL Load: 6N
g 01 s —0—PAO20
= S oaf PAO8
[ —0—PAO4
[ ----- Fully flooded
L N r ol S s aalasasasaslansas agadl 1 1 1 1 1
100 200 300 400 500 600 100 200 300 400 500 600
Speed u,, mm/s Speed u,, mm/s
(a) (b)
Figure 7. Central film thickness vs. speed in cylindrical slider-on-disc contact, load = 6 N, oil supply
volume of 0.5 uL, PAO4, PAOS8, and PAO20. (a) hicen Vs. Ug; (b) hre Vs. ug.
2.0
PAO20 LLS:1pL
Load: 8N /\
L0 [ --o-- Fully flooded R el oIEmOasasiy \ """"""""""
=Es_ Original surface @ i \‘\\@\7‘/;
% —o— Smm-strip 2 \ -
= —o— 4mm-strip = O Onn=
2 =
9 -
S| . g
= p» =
] P = PAO20 LLS: 1puL
= 4 Load: 8N
E ® | - Fully flooded
= E 01} Original surface
—O— Smm-strip
—O—4mm-strip
n n P 1 n n " " N N N N PR | N N N N
50 100 200 300 400 500 50 100 200 300 400 500
Speed u,, mm/s Speed u;, mm/s
(@) (b)
2.0
PAO20 LLS: 0.5 pL
Load: 8N Lo N
c 1.0 --@--Fully flooded ,o’ & ‘:——' ><:\
=2 Original surface o 2 - - 0.
= —o— Smm-strip o £ \
<" —o— 4mm-strip 'ﬁ i 0. )
2 = No—0°
@ =
= E -
3 Z PAO20 LLS: 0.5 L EENG
=} @ Load: 8N o}
E € | Fully flooded
= o1l . = i Original surface
Q/ g Or Smm-strip
—O— 4mm-strip
L 1
50 100 200 300 400 500 50 100 200 300 400 500
Speed u,, mm/s Speed u,, mm/s
(0) (d)

Figure 8. Influence of stripe wettability on the film thickness, load = 8 N. (a) licen Vs. 14, 0il supply
volume of 1 puL; (b) hge Vs. g, oil supply volume of 1 uL; (c) hicen Vs. tq, 0il supply volume of 0.5 uL;
and (d) hge vs. ug, oil supply volume of 0.5 pL.
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Figure 9 shows the interferograms of the original disc, the 4 mm-stripe wettability
pattern and the 5 mm-stripe wettability pattern at the speed of 527 mm/s with a 1 pL and
0.5 uL oil supply. The inlet oil reservoir is correlated with heen, as shown in Figure 8a,c. For
the 1 uL oil supply, the 4 mm-strip wettability surface provides an inlet oil reservoir similar
to the original disc surface, especially in the central contact area. Therefore, the 4 mm
wettability does not significantly increase the load-carrying capacity. However, the air-oil
boundary of the inlet reservoir for the 5 mm-strip wettability is different. For the oil volume
of 1 uL, the 5 mm-strip wettability presents more inlet oil reservoirs in the middle and,
thus, a higher film thickness than the 4 mm-strip wettability. Moreover, for the 5 mm-strip
wettability surface, there is uniform oil distribution along the length of the roller.

LLS volume: 1 pL LLS volume: 0.5 pL Inlet
5 % 2 nn ! et L UGB
o M
4mm-strip ' L T
wettability
Smm-strip v
wettability

Outlet

Figure 9. Interferograms of stripe wettability at different speeds, load = 8 N, oil supply volumes of
1 uL and 0.5 pL.

3.2.2. Interlaced Wettability Pattern

Generally, the oil does not necessarily remain on the lubrication track in the form
of a uniform layer. Sometimes they are discontinuously distributed due to non-uniform
interfacial properties, such as droplets or discontinuous oil patches. It was recently shown
that discontinuous oil distribution on the lubrication track can improve oil supply and
enhance load-carrying capacity under LLS [30] due to oil dewetting as the result of the low
surface energy of bounding surfaces. Therefore, it is reasonable to prepare the lubrication
track in such a way that oil can stays in a discrete form. In this work, an interlaced
wettability pattern, as shown in Figure 2, was fabricated, and its influence on the lubrication
behavior of cylindrical slider-on-disc contacts was investigated in this section.

The interlaced wettability pattern with a width of 5 mm (denoted as 5 mm-interlaced
wettability) was prepared, which is capable of trapping the lubricant in the hydrophilic
rectangular stripe region through wettability differences. Figure 3 shows that on the
lubrication track, the lubricant has a distribution of evenly spaced stripes. Figure 10
presents the variation of heen and hge with 5 mme-interlaced wettability for two LLS volumes
of 0.5 uL and 1 pL. In Figure 10a,b, where the LLS volume is 1 pL, the film thickness of
5 mm-interlaced wettability is higher than that of the original surface when the speed
exceeds 100 mm/s and is slightly lower than that of fully flooded oil supply. For the LLS
volume of 0.5 uL, as shown in Figure 10c,d, when the speed exceeds 80 mm/s, the film
thickness with 5 mme-interlaced wettability is significantly lower than that of fully flooded
oil supply, but higher than that of the original surface.

Figure 11 depicts the interferograms of the original disc and the 5 mm-interlace
wettability pattern with a 1 uL and 0.5 uL oil supply at speeds of 196 mm/s and 527 mm/s.
The inlet oil reservoir with 5 mme-interlaced wettability is generally larger than that of the
original disc, which indicates that the film thickness with the 5 mm-interlaced wettability
is higher. Figure 11 also shows that the LLS of 0.5 uL produces a larger inlet oil reservoir
with the 5 mm-interlaced wettability at the same speed compared to the LLS of 1 puL. Thus,
the LLS of 0.5 puL produces higher oil film thickness than the LLS of 1 puL. For example,
in Figure 10, when the LLS is 0.5 pL, the central film thickness increases from 0.15 um to



Lubricants 2023, 11, 93 11 of 19

0.61 pm (by 300.6%) at 527 mm/s, while when the LLS is 1 uL, the film thickness at the
same speed only increases from 0.62 um to 1.1 um (by 77.4%). The interlaced wettability
works more effectively for oil replenishment when under severe starvation or LLS.

2.0
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Figure 10. Cont.
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Figure 10. Influence of interlaced wettability patterns on fcen and hige, PAO20, load = 8 N. (@) /icen Vs. Ug,
oil supply volume of 1 pL; (b) hge vs. ug, 0il supply volume of 1 uL; (c) ficen vs. ug, 0il supply volume of
0.5 puL; and (d) hge vs. ug, oil supply volume of 0.5 uL.

When the stripe wettability pattern is employed, it presents a wettability gradient
along both sides of the lubrication track, which plays an important role in the oil re-
plenishment. From Figure 2, it can be seen that the interlaced wettability pattern can be
equivalently obtained by periodically removing some hydrophilic rectangular areas in the
stripe wettability pattern. Interestingly, although the interlaced wettability pattern is part
of the stripe wettability pattern, it gives higher film thickness than the stripe wettability pat-
tern when the speed is high. Figure 12 presents some data for the disc speed of 411 mm/s.
When the LLS volume of 0.5 pL was applied, the central film thickness increased by 25%
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from the stripe wettability pattern to the interlaced wettability pattern, compared with a
31.0% increase with the LLS of 1 pL.

Original disk Smm-interlace wettability

LLS

Figure 11. Interferograms of oil films under 5 mm-interlaced wettability patterns at different speeds,
PAO20, load = 8 N, oil supply volume of 1 uL and 0.5 pL.
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e
3
-9
4
b4

(b)

Figure 12. The central film thickness with different surface wettability, PAO20, disc speed =411 mm/s,
load = 8 N. (a) Oil supply volume of 0.5 um; (b) oil supply volume of 1.0 um.

Figure 13 shows the interferograms of Figure 12b with the 5 mm-stripe wettability
pattern, the 5 mme-interlaced wettability pattern, and the original disc. It can be seen that the
captured interferograms of the three surfaces are correlated with the central film thickness
in Figure 12b. Obviously, the 5 mme-interlaced wettability pattern presents more oil supply
at the central inlet region than the 5 mm-stripe wettability pattern and the original disc. The
5 mm-strip wettability pattern provides a concave oil reservoir along the contact boundary,
with some oil supply remaining at the central contact edge. The original disc also gives a
concave oil reservoir, but there is no oil reservoir at the central boundary of contact, which
leads to a much lower central film thickness.
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Smm-interlaced

Figure 13. Inlet oil reservoir with different modified surface, load = 8 N, oil supply volume of 0.5 uL,
disc speed = 411 mm/s.

For stripe wettability patterns, it is demonstrated [28,29] that the wettability gradient
can induce liquid transport from hydrophobic to hydrophilic regions and promote oil
replenishment. In the present study, a low energy surface (created with AF coating) and
high energy surface (a glass surface, 5iO,), as shown in Figure 14, generate an unbalanced
interfacial force to enhance replenishment for the lubrication of the cylindrical slider. With
the interlaced wettability pattern, lubricant distribution may be more favorable for load-
carrying capacity. One would be interested in how it works.
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Figure 14. Contact angle (CA) with PAO20 on the AF and SiO, surfaces.

In the experiments, there were interesting observations of the oil distribution under
LLS conditions. For the original surface (5iO,), the lubricant is in the form of a continuous
thin layer as it leaves the central contact and stays on the lubrication track. On the other
hand, some lubricant is diverted by the cylindrical slider, forming two side ridges. In
general, not all the lubricant in the side ridge can flow back to the lubrication track, as
shown in Figure 15a. This is also applied to the case of the stripe wettability pattern, as
shown in Figure 15b. However, the side ridges with the stripe wettability surface are smaller,
which can be attributed to the unidirectional lubricant flow driven by an unbalanced surface
force induced by the wettability gradient. The unbalanced surface force exerted on the
lubricant layer located on the boundary of the AF area (hydrophobic) and the SiO; area
(hydrophilic) is schematically shown in Figure 16. On the top of the lubricant layer, the
lubricant is subjected to the same amount of surface tension 1 g on both sides. However,
at the bottom, the interfacial force yy.sjop is greater than yy_sp since the surface energy of
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Inner diameter

SiO is greater than that of AF. Therefore, it is indisputable that some lubricant in the two
side ridges can be driven to the lubrication track, indicating that more lubricant is supplied
to the contact. For the interlaced wettability surface, as shown in Figure 15c, the lubricant
redistributed in the form of droplets mainly on the hydrophilic patches, and no side ridge
was found. Furthermore, it is noted that the oil distribution on the interlaced wettability
surface in Figure 15c is quite different from that in Figure 3. In Figure 3, the oil remains
on the hydrophilic patch in the form of a continuous thin layer, which is also a result
of the unbalanced interfacial force. However, during the experiments, the lubricant was
found to stay mainly on the hydrophilic patches, but in the form of discrete droplets. The
difference between the oil distribution before and after the experiment may be attributed
to the change in the surface energy of the hydrophilic patches. In the experiments, the
interlaced wettability surfaces were rubbed against the lubricant film, and it is postulated
that some of the AF film could be transferred to the adjacent hydrophilic patches. Therefore,
their surface energy is reduced. Consequently, dewetting occurs to present oil droplets.

Outer diameter

(b) (c)

Figure 15. Lubricant distribution on the track after rolling under LLS volume = 2 pL. (a) Original
surface; (b) 5 mm-stripe wettability; (c) 5 mm-interlaced wettability.

Figure 17 shows a simple geometric description of oil distributions for the stripe
wettability and the interlaced wettability patterned surfaces before and after testing in this
study. Figure 17a depicts a uniform oil layer on the prescribed lubrication region, which
is the stripe wettability pattern. In Figure 6b, the oil appears in the form of equidistant
rectangular patches, which is from the interlaced wettability, and the thickness of the patch
layer is larger than that of the uniform oil layer (the same oil volume supplied). The
AF film transfer from hydrophobic to hydrophilic regions may occur in such a way that
dewetting takes place on the original hydrophilic region, as illustrated in Figure 17c, where
the droplets are higher than the oil rectangular patch because they are discretized from
the oil patches. Another explanation for the droplet generation is that the AF film transfer
generates heterogenous wettability on the original hydrophilic region with hydrophobic
subregions, and the oil is pinned to the hydrophilic areas in the form of droplets.

TLG LG

.
r

a
-

Lubricant layer
YLsio VL-AF

v

Hydrophilic Hydrophobic
Si02 AF

Figure 16. Unbalanced interface force induced by the wettability gradient.
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Figure 17. Schematic of oil distributions for the same LLS quantity. (a) Uniform layer; (b) discrete
patches; (c) discrete droplets.

Recently, the authors numerically showed that oil supply in the form of droplets
can build lubricating film more effectively than that of a uniform oil layer [34], which is
attributed to the film pressure generated early when the oil droplets enter the bearing
contact. The advantage of the 5 mm-interlaced wettability over the 5 mm-stripe wettability
of the film building can be explained as shown in Figure 18. It can be seen from Figure 18a
that for the same oil supply, the discrete oil droplets (II) which initially evolved from the
uniform layer (I) are higher, and that they encounter the bounding surfaces earlier (at
point B) than the uniform layer (at point A). In fact, at the entrance, discrete droplets can
merge, and a continuous oil reservoir is observed [34]. Figure 18b shows that oil droplets
fill the contact entrance gap more that uniform oil layer and provide a larger load-bearing
area and induces a higher film thickness. Indeed, the non-continuous redistribution of the
lubricant layer in Figure 18 is realized in two steps. The first is the active generation of
spaced rectangular patches through the interlaced wettability. The second is the droplet
formation from the oil patch layers by AF transfer to the hydrophilic areas.



Lubricants 2023, 11, 93

17 of 19

. nn
Discrete droplet 1 |
2

[}

Uniform oil layer | !
i

(a)

1 N

Discrete droplet ,’ Pressure /
[
|

Uniform oil layer
/

(b)

Figure 18. Film pressure building for uniform oil layer and discrete oil droplet distribution. (a) Geometry
of the uniform oil layer and the discrete oil droplet; (b) schematic illustration of pressure generation.

4. Conclusions

In this paper, the oil film building performance and the effect of wettability gradient
in a cylinder-on-glass disc sliding contact with LLS were investigated experimentally, and
the results can be summarized as follows:

(1) Under LLS, captured interferograms show that when the speed is low, the oil
reservoir presents a uniform distribution along the contact boundary, and then as the speed
increases, the air-oil boundary of the oil reservoir first reaches the central boundary of
the contact and becomes concave. The central film thickness decreases as the oil supply
decreases. A dimensionless parameter hg. is defined to assess the LLS load-carrying
capacity relative to that under fully flooded conditions. It is demonstrated that high speeds
and low loads lead to more loss of load-carrying capacity.

(2) A stripe wettability pattern is proposed to generate unidirectional interfacial forces
to improve lubricant replenishment. Clear evidence is obtained that the stripe wettability
pattern can reduce the size of the side ridges. It is demonstrated that a stripe wettability
pattern with a width equal to the lubrication track width can provide better performance
than that with a width smaller than the track width.

(3) An interlaced wettability pattern is proposed to improve lubricant supply. On the
interlaced wettability surface, the lubricant redistributes in the form of droplets mainly on
the hydrophilic patches, which is attributed to the unbalanced interfacial force between
the hydrophilic patch and its hydrophobic surrounding, and some AF film transfer during
running. It is shown that the interlaced wettability pattern can provide higher film thickness
than the stripe wettability pattern. The mechanism by which the interlaced wettability
pattern enhances the lubricating film is that the discrete oil droplets fill the lubricated
surface gap earlier, and, therefore, the oil droplets provide a larger load-bearing area and
induces a higher film thickness.
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