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Abstract:

This research evaluates the effect of surface wettability on the tribological performance through
ball-on-flat tribology testing. The substrate material, M2 tool steel, is laser processed and then
functionalized with fluorocarbon and nitrile chemistry to achieve distinct oleophobicity and
oleophilicity, respectively, but with a similar nanoscale surface texture. The baseline lubricant is
poly-alpha-olefin (PAO) oil, and ionic liquids (ILs) are used as additives for this study. The
interaction between the nanoscale textured steel surface and ionic liquid-based oils is
investigated. A set of reciprocating wear tests are performed to investigate the tribological
behavior of the tribosystem consisting of the surface-engineered, flat M2 tool steel specimen and
a standard, surface-polished steel ball. Results show that the oleophobic flat surface results in a
lower friction, while the oleophilic surface modification leads to a better wear protection to the
flat surface. Ammonium-based IL provides the highest friction reduction, while the
phosphonium-based ILs provide an improved wear protection.

Keywords: Surface Wetting; Laser Texturing; Tribological Behavior; lonic Liquid; Wear.

‘These authors contributed equally to this work.
Corresponding author: hongtao-ding@uiowa.edu, +1-319-335-5674



mailto:hongtao-ding@uiowa.edu
https://www.editorialmanager.com/smejmp/viewRCResults.aspx?pdf=1&docID=31864&rev=1&fileID=491426&msid=62759a09-be63-422d-b016-2e949ab5d7ff
https://www.editorialmanager.com/smejmp/viewRCResults.aspx?pdf=1&docID=31864&rev=1&fileID=491426&msid=62759a09-be63-422d-b016-2e949ab5d7ff

1. Introduction

Lubrication study has been attracting interests as potential savings of up to 1.4% of a nation’s
GDP can be accomplished by friction and wear reduction of moving components [1]. Though not
all friction can be eliminated, mechanical losses can be minimized by applying high performance
lubricants and optimizing the tribological properties through surface modification. For instance,
most mechanical losses in electric motors in electrical vehicles (EV) come from frictional
bearing losses [2], and 40-60% of premature electric motor failures are caused by bearings and
improper lubrication [3], limiting vehicle range. The EV industry in particular has been
increasingly exploring lubrication and surface engineering solutions to reduce friction due to
higher rotational speeds and demanding conditions on the bearings used in EV transmissions [4].
Developing an understanding of the tribological behaviors and mechanisms of surfaces
interaction under oil lubrication is crucial to this endeavor.

The tribological performance of contacting surfaces under lubrication can be influenced by both
the surface properties and lubricant properties. Surface engineering methods have been explored
to improve tribological performance by modifying surface properties, among which laser
texturing is commonly used [5-9]. Efforts have been made to generate micro-scale geometric
features on tribo-surfaces including micro-grooves [10,11] and micro-dimples [12—14] via laser
texturing. Researchers found that those surface features help improve lubrication as they provide
a local reservoir for lubricants in the boundary lubrication condition, and the surface features will
squeeze the lubricant out when other parts or surfaces press the textured surface resulting in
secondary lubrication [15]. Therefore, a reduced coefficient of friction (COF) for both oil and
water lubrication and improved wear resistance will be achieved. The surface texturing
parameters, such as areal density, dimple shape, size, and depth were also studied to achieve
desired friction reduction [16]. However, most of the existing laser-assisted tribology research
focused on surface morphology and its effect on tribology. The effect of wettability of laser-
processed metal surface on the tribological performance was not thoroughly investigated.

Surface wettability plays an important role in the tribological performance of tribo-pair surfaces
under lubrication, as it will affect the interaction between the surfaces and the lubricant.
Researchers have evaluated the effect of the delta wettability, which represents wettability
difference between two sliding surfaces, on tribological performance [17,18]. According to their
findings, a greater delta wettability is conducive to lowering the COF and the wear rate in oil
lubrication or aqueous environment. While the researchers emphasized the role of delta
wettability, which is the relationship between the wettability of the ball and flat in a ball-on-flat
tribo-system, the effect of wettability for the flat surface alone has also been studied [19,20].
Using dilute cutting fluids, Pang et al. [21] investigated the frictional properties of cemented
carbide surfaces with various laser-induced micro-dimples and concluded that increasing
hydrophilicity of the textured surface improves the COF. Huang et al. [22] examined the
tribological performance of two types of PDMS surfaces, including the hydrophobic surfaces
with plasma texture, and the hydrophilic surfaces without texture. The hydrophilic surfaces are



found to exhibit friction coefficients that are tenths to hundredths that of the hydrophobic
surfaces, suggesting that hydrophilicity is of great significance in friction reduction and
lubrication enhancement. Qin et al. [23] investigated the tribological behavior of laser textured
Co-Cr-Mo alloy in aqueous solution. By applying fluoro-alkyl silane treatment and various
surface textures, including triangle, square and circle, the surface wettability ranging from
superhydrophilicity to superhydrophobicity was achieved. They concluded that a higher contact
angle leads to a larger COF. However, it is worth noting that, in these studies, the surface
wettability was altered by tuning the surface texture shape and area ratio, indicating the surface
morphology was not kept as constant while they compared the tribological performance of
surfaces with different wettability. Therefore, the variation in friction coefficient was a result of a
coupled effect of surface texture and surface wettability. To better evaluate the effect of surface
wettability, it is critical to implement a systematic methodology to fabricate surfaces with varied
wettability but similar morphology.

Besides the surface texture and wettability, lubricant properties are of significance in
determination of tribological behavior for tribo-pair surfaces under lubrication. In the last few
years, ionic liquid (IL) has emerged as an innovative additive for lubricant offering better anti-
wear and tribological performance. They efficiently reduce the COF and wear on a plane surface
without any textures by forming a stable protective tribofilm in the area of contact [24,25]. ILs
are molten salts in ambient conditions that comprise bulky, long-chain, asymmetric cations and
anions. They have inherent polarity (ions) which provide strong adsorption capability to surfaces.
Compared to widely used oil lubricants, ILs have higher thermal stability, lower flammability,
and lower sensitivity in rheological behavior to environmental changes [24]. Although many
studies have proved the effectiveness of ILs as standalone lubricants, it is economically
infeasible to use them standalone due to their high cost. The only feasible way to utilize their
superior physiochemical properties is using them as lubricants additives. However, ILs are
insoluble in most oil lubricants. In 2012, Qu et al. [26] provided the breakthrough to enhance the
solubility by decreasing the ion charge density. Recently, employing ILs as oil additives has
become a core theme of IL lubrication [27,28] to provide wear and friction protection.
Phosphonium [29] and ammonium [30] based ILs provide superior wear and friction protection
compared to other ILs. However, few research has been done on the effect of ILs for surfaces
with varied wettability. It is of great importance to fill in this knowledge gap by investigating the
tribological behavior of different wetting surfaces under IL-based oil lubrication.

The goal of this work is to determine the role of surface wetting on tribological behavior and
elucidate the interaction between a laser-textured steel surface and ionic liquid-based oils.
Through the simultaneous engineering of texture and chemistry, a unique nanosecond laser-
based high-throughput surface nanostructuring (nHSN) process has been developed by the
author’s group [31] for metal alloys that utilizes a nanosecond laser to achieve a wide range of
wetting behaviors ranging from superhydrophilicity to superhydrophobicity. This work adopts
the nHSN process to the M2 tool steel alloy by nanostructuring its surface topography and
functionalizing the surface wetting property relative to the lubricant oils with IL additives. As



illustrated in Fig. 1, two types of surface wettability, i.e., oleophobicity and oleophilicity, but
shared with the same surface texture were designed, fabricated and tested. A set of reciprocating
wear tests are performed to identify the tribological properties of the tribosystem consisting of
the surface-engineered, flat M2 tool steel specimen and a standard, surface-polished steel ball.
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Fig. 1. Research framework of the tribology study for the engineered surfaces. (a) Oleophobic
VS. oleophilic surface processing by nanostructuring surface topography and surface
functionalization; (b) selected lubricants with three innovative IL additives; (c) tribology testing
of the wettability-engineered flat specimens using a ball-on-flat linear reciprocating tester.
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2. Experiments
2.1 Surface processing

The substrate material of interest in this work was AISI M2 tool steel as it is widely used for
punches, dies and cutting tools. The M2 tool steel flat coupons were 25mmx25mmx 1 mm.
Before any treatment or tribological testing, these M2 tool steel coupons were ultrasonically
cleaned and then air-dried.

Laser treatment and subsequent chemical treatment were applied to these M2 steel specimens to
obtain the nanoscale texture and desirable chemistry. During the laser texturing step, the M2 tool
steel surfaces were raster scanned with nanosecond pulse laser in water confinement. During the
following chemical immersion treatment (CIT), the surfaces were submerged in the solution of
ethanol with 1.5 vol. % silane reagents (FOTS: 1H,1H,2H,2H-perfluorooctyltrichlorosilane; or
CPTS: 3-cyanopropyltricholosilane) to obtain oleophobicity or oleophilicity respectively on the
surfaces. More details about the process setup can be found in [32].

The surface topography of these treated specimens was analyzed using a Hitachi S-4800 field-
emission scanning electron microscope (SEM). The surface element concentration was measured



using an IXRF energy-dispersive spectroscopy (EDS) system assembled on the same SEM. The
surface roughness and texture were quantitatively analyzed using a Keyence VK-X1000 confocal
microscope. Dynamic change of contact angle (€) of lubricants on these treated surfaces was
measured using a contact angle goniometer (model ESr-N) at ambient conditions by
micropipetting 5 pL of lubricant droplet on the treated surface and capturing the shadowgraphs
using a CMOS camera.

2.2 Tribology testing

The baseline lubricant used in these tribology experiments was Mobil 1™ poly-alpha-olefin
(PAO) oil. Three different ILs were selected as anti-wear additives for the PAO lubricant in this
study, namely, (I) [NsssH][DEHP]: trioctylammonium bis(2-ethylhexyl) phosphate; (II)
[Pses14][DEHP]: trihexyltetradecylphosphonium bis(2-ethylhexyl)phosphate; and (IIT) [Pess14][n-
C17H35COO]: trihexyltetradecylphosphonium octadecenoate. Fig. 1b illustrates the molecular
structures of those ILs. Note IL1 is an ammonium-based IL additive, while IL2 and IL3 are
phosphonium-based IL additives. The physicochemical properties of the ILs can be found in
[24,25]. To make the lubricant in this work, PAO oil was mixed with 1.0 wt. % IL. Such
concentration has been proved to work efficiently for friction and wear reduction [24]. To
improve the mixture uniformity, each lubricant sample was sonicated for 15 min before testing
using a Symphony Ultrasonic Cleaner.

The tribology tests were performed on a reciprocating tribometer (Phoenix Tribology, Plint TE-
77) using a ball-on-flat configuration (Fig. 1¢), where a 10-mm diameter steel ball slid against
the treated M2 tool steel specimens. The utilized AISI E52100 steel ball was hardened to achieve
60 HRC and polished following the ASTM A295 standard. The steel ball surface is slightly
oleophilic as a droplet of PAO oil spreads uniformly on its spherical surface. However, for this
work, the oil contact angle of the steel ball surface cannot be accurately determined due to the
small size of this ball as well as the spherical nature of the surface. By designing these
experiments using the same ball condition, the objective of this work is to determine the effect of
the wettability of the flat specimen surface on the tribological behavior of the tribosystem. As
part of the testing procedure, the following parameters were used: a 100 N normal force, a 10-
mm stroke, a 10 Hz oscillation frequency, a 1,000 m distance, and a 100 °C lubricant
temperature to mimic engine normal operation temperatures [33]. The total time duration of each
tribology test was 83 mins.

The ball-on-flat tribology experiments were performed following the lubricating conditions listed
in Table 1. For ease of reference, the tribosystems using the oleophobic and oleophilic specimens
were designated as Exp. A and Exp. B, respectively. The COF was determined in situ by
recording the tangential force and dividing it by the normal load. Before wear characterization,
specimens were ultrasonically cleaned for 2 min using isopropanol alcohol. It was unfeasible to
quantitatively determine the wear loss on the M2 steel flat surface due to its micro-/nanoscale
roughened texture, and an analysis of alteration in surface roughness and therefore wear was



performed for the specimens prior to and after the tribology tests using the confocal microscopy.

The wear land of the polished steel ball was much more apparent and was quantitatively
determined after these tests using a Wyko NT9100 3D optical interferometer.

Table 1. Ball-on-flat linear reciprocating testing conditions

Flat surf:
Experiment a Sl}r, ace Ball condition Lubricants
condition
PAO (with no IL additive)
. Oleophobic, | Hardened and | pAQ + IL1: PAO + 1% [NsssH][DEHP]
Tribosystem | nanotextured | polished AISI
Exp. A M2 steel flat | E52100 steel | PAO +1L2: PAO + 1% [Pee14][DEHP]
surface (ASTM A295) | PAO + IL3: PAO + 1% [Psss14][n-
C17H35COQO]
PAO (with no IL additive)
. Oleophilic, | Hardened and | pAQ + [L1: PAO + 1% [NsssH][DEHP]
Tribosystem | nanotextured | polished AISI
Exp. B M2 steel flat | E52100 steel | PAO +IL2: PAO + 1% [Pece14][DEHP]
surface (ASTM A295) | PAO +IL3: PAO + 1% [Pess14][n-
C17H35COQO]

3. Results & discussion

3.1 Surface characterizations prior to tribology testing

The achieved wettability of these M2 steel specimens to PAO oil was experimentally
determined. As illustrated in Fig. 2, the contact angle decreases for both samples after

introducing the PAO oil droplets onto the surfaces, and gradually reaches to a steady state after
10 seconds. The steady contact angle measured after 12 seconds of introducing the droplets onto
the surfaces indicates that the surface processed by CPTS was oleophilicity, while the surfaces
processed by FOTS showed oleophobicity. The difference in the achieved wettability was mainly
due to the surface chemistry induced by the silane reagents during the CIT treatments with both
specimens having similar surface roughness and nanoscale random textures. For the oleophobic
surface, the FOTS molecules reduced surface energy, leading to a larger contact angle (113°),
while for the oleophilic surface, the CPTS molecules have the opposite effect (6~13°).
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Fig. 2. Dynamic contact angle of oleophobic and oleophilic specimens with regard to PAO oil.

The surface texture measurements specified in ISO 25178 show that the oleophobic and
oleophilic surfaces have similar surface texture parameters, i.e., arithmetic average height (S.),
arithmetic mean curvature of peaks (S,¢), and developed interfacial area ratio (Su), as
schematically illustrated in Fig. 3a. S, is expressed by:

Sa =2 [, |2(x,y)|dxdy] (1)

where z(x,y) signifies the height deviation of point (x,y) from the arithmetical mean of the
surface, and A4 is the projected area [34]. S, is given by:

11 0%z(x,y) . 9%z(x,y)
Spe = 73 7’:=1( oz T oy ) 2)
where n represents the amount of peaks within the interested area [35]. A larger value of Spc
corresponds to sharper features, while a smaller value indicates more rounded peaks. Su- is given
by the ratio of the additional surface area contributed from surface textures to the area of the
surface projection [34]:
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where A’ is the actual surface area. For each type of surface, the topography analysis was carried
out on three different areas whose size is around 1 mm x 0.8 mm, and the average value of S4, Spc
and Sq- was reported. The initial S, of the AISTI M2 tool steel specimens without any treatment is
0.31 £0.08 um. As shown in Fig. 3b, the surface texture measurements resulted in an average S,
0f 0.59 vs. 0.61 um, Spc of 1.74 vs. 2.08 1/um, and S4- of 0.13 vs. 0.16 for oleophobic and
oleophilic surfaces, respectively, which indicate that the surface structures of the oleophobic and
oleophilic surfaces have similar height, sharpness and slope. The slight difference in surface
roughness can be attributed to the difference in etching effect of the FOTS and CPTS silane
reagents.
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Fig. 3. Surface topography measurements (a) Schematic of surface texture parameters. (b)
Surface profile and SEM micrographs of oleophobic and oleophilic surfaces at both microscale
and nanoscale.

The surface morphologic features were carefully examined using the SEM micrographs for the
oleophobic and oleophilic surfaces prepared by the nHSN process, as shown in Fig. 3b. Both the
oleophobic and oleophilic surfaces were characterized with patternless, random, nanoscale
surface structures, which were created by the etching effect of the silane reagents used during the
CIT process [31].

A numerical analysis of surface topography and spatial randomness was performed to determine
fractal dimension (Dy) and 2D-entropy (H>p) utilizing the SEM micrographs of these textured
specimens. Dy is a statistical measure of the complexity of fractals based on their self-similarity
[36]. The shifting differential box-counting method [37] was used to calculate the Dy of the SEM
images for the oleophobic and oleophilic surfaces. Following this method, a gray-level square
image was overlapped by a 3D mesh of boxes. The Drwas then estimated by:

_ log N;-
Df - logr (4)

where N, is the amount of boxes in which at least one image pixel is contained, and r is the ratio
of grid size to the number of pixels contained within one side of the image. The fractal
dimension quantifies the disorder and a larger value of Dyrepresents a higher complexity of the
surface structures. H>p [38] is a parameter describing the randomness of the surface structures,
defined as:

Haop = — Xi20 X726 pij logz pyj ”

where i is the grey level of a pixel, j represents the mean grey level of the adjacent pixels, and p;;
is the joint probability of a pair (i, j), which is given by the ratio of the total amount of
occurrences of that pair to the total amount of pixels in the image. The similar values of Dyand
H>p of the oleophobic and oleophilic specimens indicate that both specimens are characterized
with similar topographic complexity and spatial randomness.



The above analyses infer that both the oleophobic and oleophilic surfaces are characterized with
similar surface roughness and texture with statistically similar features. Therefore, the difference
in their tribological behavior is dominantly governed by the distinctive surface wettability but
not surface roughness or texture.

3.2 Effect of surface wettability on the tribological behavior for PAO without IL

During the reciprocating tests, the hardened and surface-polished steel ball slid against the flat
specimen under heated lubrication using PAO. The COF at the sliding interface was determined
by:

COF = If—f (6)

n

where F; is the tangential force and F), is the normal load. The progression of COF for the
tribosystem Exp. A with the oleophobic surface (Fig. 4b) show that COF started from 0.06,
quickly raised to 0.12, then quickly dropped, and gradually reached a steady state of about 0.1
within the first 50 m of sliding. The rapid shift of COF at the beginning indicates that a lack of
lubrication may have happened locally in parts of the contact area [39]. Although Exp. B with
the oleophilic surface showed a slight spike in COF at the beginning, COF increased from about
0.08 and gradually stabilized at around 0.12 after 300 m or 20 minutes of sliding. The steady-
state COF of 0.1 in Exp. A with the oleophobic surface was relatively lower than that of 0.12 for
Exp. B with the oleophilic surface. The friction coefficients fall into the range of 0.05-0.15,
indicating boundary lubrication. The generally lower COF in Exp A (oleophobic) than that in
Exp B (oleophilic) suggests possibility of localized micro-elastohydrodynamic lifting. For the
oleophobic surface, Cassie-Baxter wetting regime [40] was achieved so that the oil did not fully
penetrate the surface roughness and air was entrapped at the interface, which helped reduce the
friction for the ball-flat coupling. A good level of endurance in surface wettability was also
demonstrated for both oleophobic and oleophilic specimens during these linear reciprocating
tests lasting for 83 minutes under an elevated temperature, which suggests the nHSN processing
method can be applied for industrial applications requiring surfaces with a good durability.
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Fig. 4. The ball-on-flat tribology testing (a) experimental setup and (b) COF traces of the PAO
oil for Exp A and B. Each friction trace is the average based on three repeated tests (same for the
wear rate and COF results in the upcoming figures).

The SEM micrographs shown in Fig. 5a demonstrate the wear morphology of the flat specimens.
For the oleophobic surface, a greater wear was observed and most nanoscale features in the wear
trace were flattened due to friction wear. For the oleophilic surface, while a small portion of the
wear trace can be observed, the larger area remained intact with the nanoscale structures still
discernible. The surface texture parameter analysis (Fig. 5b and c¢) corroborated the observation.
After the tribology testing, the oleophobic surface experienced a 30% reduction in Sy and 60%
reduction in Sz, which indicates that the surface became flatter, and a great amount of pointed
and spiky structures were flattened. In contrast, the oleophilic surface had a 28% reduction in Sy,
and 52% reduction in Sy, indicating that more surface structures remained intact after the testing.
The feasible cause for this difference is that the PAO lubricant did not effectively contact the
oleophobic surface structures, and hence the protection by the lubricant was reduced by the
surface oleophobicity.
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Fig. 5. Worn surface morphology of the flat specimens after tribology test in PAO oil. (a) Flat
surface morphology of the oleophobic and oleophilic surfaces after tribology testing
characterized using SEM. (b) S, values of the oleophobic and oleophilic surfaces before and

after tribology testing. (c) Sa- values of the oleophobic and oleophilic surfaces before and after
tribology testing.

As illustrated in Fig. 6a, the ball wear rate (k) was defined as:

14
k=re )

where V represents the volume of ball wear, and d represents the sliding distance. In Exp. A, the
diameter of wear land was around 0.6 mm while the wear diameter in Exp. B was about 1 mm.
The clear difference in the £ of the balls, as shown in Fig. 6¢, proved the aforementioned
hypothesis, that is more lubricants were expelled from the oleophobic surface so that the ball in
Exp. A was better protected during the test. In Exp. B, conversely, the better lubrication
condition was achieved on the oleophilic surface, leading to a smaller wear on the flat specimen.

11



Ball wear diameter (mm)

-0.6 -0.3 0 0.3 0.6 6.0E-08

5.0E-08
4.0E-08

3.0E-08

- 1.0E-08 i
-12 0.0E+00

—ExpA —Exp B ExpA ExpB

b & b N o N
N
=]
o
=
=

Ball wear depth (um)
Ball wear rate k (mm?/N-m)
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the balls in Exp A and B for the base PAO oil. (c) & of the balls in Exp A and B for the base PAO
oil.

3.3 Effects of IL additives for the tribosystem with oleophobic surface

The surface wettability was evaluated in regard to the PAO lubricants with IL additives. As
shown in Fig. 7, a similar oil contact 6 of 90° was achieved for the oleophobic specimen
regarding all three IL additives, which was 30° less than 0 for the pure PAO lubricant. 0 in the
range of 10~15° was found for the oleophilic specimen with all three IL-based lubricants, which
shows that the surface-engineered specimens maintain their wetting characteristics with regard to
the PAO lubricants with IL additives.

180 3
m Exp A: Oleophobic

um Exp B: Oleophilic

EINA N

PAO+IL1 PAO+IL2Z PAO+IL3

Fig. 7. Contact angle 0 for the oleophobic and oleophilic surfaces.

The tribological performance of IL additives were investigated through ball-on-flat reciprocating
tests. As illustrated in Fig. 8, all three IL additives helped reduce the steady-state COF for the
tribosystem (Exp. A) with the oleophobic surface, with IL1 providing the best friction reduction.
For tribosystem Exp. B with the oleophilic surface, ammonium-based IL1 additive still reduced
the COF, while the phosphonium-based ILs (IL2 and IL3) provided little improvement in
friction.

12
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The wear scar morphology is shown in Fig. 9a. A slight improvement of the wear performance of
the oleophobic surface can be observed for IL additives. Under a low magnification on the left
side, it can be seen that PAO without IL additive gives the widest wear track, while the wear
tracks become much narrower for IL1 and IL2. The IL3 leads to a wear track slightly narrower
than the PAO alone but wider than the other two ILs. The width of the wear tracks is related to
the wear on the ball, which will be further analyzed in the following paragraphs. Under a high
magnification, the worn surface morphology for PAO oil and IL-based PAO oils are similar with
each other. Most of the areas are worn to flat for all four lubricants. The surface topography
measurements of the worn area confirmed the observation from these SEM images. The result
(Fig. 9b) shows that all four lubricants give a similar worn surface topography. The Sy and Su-
values are very similar for the four cases, indicating that the worn surfaces have similar
roughness and similar surface structures.

13
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after tribology test in PAO oil and IL-based PAO oil. (¢) Sa- values of the worn area on the
oleophobic surface after tribology test in PAO oil and IL-based PAO oil.

The chemistry of the surface after the tribology testing was analyzed using EDS. Phosphorus was
used as an indicator of the presence of ILs on the surface, as all the ILs used in the study contain
phosphorus in their cations and/or anions as shown in Fig. 1. The direct tribochemical reaction
between the metallic contact surface and chemical deposition of the IL additives will lead to a P-
rich tribofilm on top of the steel substrate [41]. The result (Table 2) shows that the worn surfaces
for IL1 and IL3 only contained tiny amount of phosphorus. For IL2, the phosphorus
concentration of the worn surface is even lower than the detection limit of EDS. The result
indicates that the IL additives cannot effectively form the tribo-film on the oleophobic surface,
which is why the wear protection is inefficient for the flat surface.

Table 2. The phosphorus concentration on the worn surface in Exp. A detected using EDS

Lubricant Phosphorus concentration (wt%)
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PAO oil 0

PAO +IL1 0.53 +£0.05
PAO +1L2 0
PAO +1IL3 0.10+£0.04

The flat surfaces tend to repel the lubricants towards the ball due to the oleophobicity of the flats.
Therefore, to better demonstrate the effect of IL additives, the ball wear was measured. Fig. 10a
shows the wear morphology and wear profile on the ball. The wear is reduced after adding ILs to
the PAO oil. The specific wear rate results (Fig. 10b) show that all the three ILs provide superior
wear protection for the ball, among which IL2 gives the best wear protection. The wear rate
results of the balls provide an indirect way to evaluate the effect by adding IL additives. As the
lubricants were pushed towards the ball, tribo-film was more efficiently formed on the ball
surface, leading to the wear rate reduction of the ball.
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Fig. 10. (a) Wear profile of the balls in Exp A using various lubricants. (b) Specific wear rate of
the balls in Exp A measured in various lubricants.

3.4 Effects of IL additives for the tribosystem with oleophilic surface

For the tribosystem Exp. B with oleophilic surface, morphology of the worn area on the flat
surfaces was analyzed. Shallower wear track was observed from Fig. 11a, and the worn part was
more scattered after [ILs were added. The surface topography measurement (Fig. 11b)
demonstrates that all the ILs show better wear protection in comparison with the PAO oil
without IL additives. The surface tested in PAO + IL2 lubrication has the largest Sy. and Sa-
values, indicating that the surface microstructures were best preserved during the test. The
average value of Sg- for the surface under PAO + IL2 lubrication is larger than the surface before
testing. This is due to the relatively large roughness variation of the oleophilic surface before
testing, resulting from the nonuniformity of the etching effect of CPTS.

The difference in wear results of Exp. B from Exp. A is due to the oleophilicity of the flat
surface. As the surface is oleophilic, the lubricant was able to better attach the surface and the IL
additives can form the tribo-film more efficiently during the test, therefore leading to wear
protection on the surface. The EDS result listed in Table 3 confirmed it by showing the
phosphorus concentration on the worn area of the oleophilic surface after the testing. The worn
surfaces contain 0.87 wt. %, 0.69 wt % and 0.12 wt % phosphorus after testing using PAO + IL1,
PAO + IL2 and PAO + IL3, respectively, which are all higher than the corresponding oleophobic
surfaces in Exp. A. The IL1 and IL2 show the largest amount of phosphorus, indicating the most
effective tribo-film formation. The best wear protection is achieved in PAO + IL2 lubrication.
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Worn surface morphology for the oleophilic flat in Exp B. (a) Oleophilic surface

morphology characterized using SEM. (b) S,c values of the worn area on the oleophilic surface
after tribology testing in PAO oil and IL-based PAO oil. (¢) Sa- values of the worn area on the

oleophilic surface after tribology testing in PAO oil

and IL-based PAO oil.

Table 3. The phosphorus concentration on the worn surface in Exp. B detected using EDS

Lubricant Phosphorus concentration (wt%)
PAO oil 0

PAO +1IL1 0.87 +0.08

PAO +1L2 0.69 +0.06

PAO +1L3 0.12+0.05
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4. Conclusions

In this study, the surface wettability impact was experimentally evaluated for the tribosystem
consisting of the wettability-engineered, flat steel specimen, the standard, polished steel ball, and
ionic liquid-based lubricants. The research concludes the following:

1.

The tribosystem consisting of an oleophobic flat steel specimen delivers a lower COF
compared with the one using the oleophilic flat specimen. The steady-state COF for the
oleophobic group ranges from 0.07 to 0.10 for PAO oil and IL-based PAO oil
lubrications, while for the oleophilic group the steady-state COF ranges from 0.10 to
0.12.

2. All three selected IL additives help reduce the COF. Particularly, the ammonium-based
IL additive gives the best friction reduction.

3. When IL is added, the wear rate becomes lower for the polished steel ball under the
tribosystem with the oleophobic flat specimen. Among all the IL additives, the
phosphonium-based IL2 ([Psss14][ DEHP]) leads to the lowest wear rate for the ball.

4. Less wear occurs to the oleophilic flat surface than the oleophobic surface for the
lubricants tested in this work. The oleophilic surface fosters the formation of P-rich tribo-
film from IL additives and is hence better protected by the lubricants.

5. All three IL additives improve wear protection for the oleophilic flat steel specimen,
among which the phosphonium-based IL2 is most effective.
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