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Abstract: This work presents a meta-analysis that compares the suitability of various parameters
used to characterize wettability in tribological systems. It also examines the relationship between
wettability and the friction factor for multiple lubricant-surface pairings. The characterization
of wetting behavior was similar when using the contact angle between a lubricant and surface
and various dimensional and dimensionless formulations of a spreading parameter. It was
possible to identify hydrodynamic, boundary, and mixed lubrication regimes by combining a
dimensionless wettability parameter with the specific film thickness for a variety of neat ionic
liquids and magnetorheological fluids in contact with metallic, thermoplastic, and elastic surfaces.
This characterization was possible using multiple dimensionless wettability parameters, but those
that can be fully determined using only the contact angle may be preferred by experimentalists.
The use of dimensional and dimensionless wettability parameters that included polar and disperse
components of surface tension and surface energy did not appear to provide additional insight into
the wettability or frictional performance for the tribological system examined here.

Keywords: wettability; contact angle; spreading parameter; friction; ionic liquids; magnetorheological
fluids

1. Introduction

The friction and wear of moving components in industrial applications results in economic losses
of 1.0 to 1.5% of a country’s Gross Domestic Product [1,2]. These losses represent approximately
$170–$300 billion in the United States alone. Research into new materials, coatings, lubricants,
and lubrication practices may greatly reduce the undesired effects of friction. Developing a deep
understanding of a mechanism’s driving friction and wear under a variety of different operating
conditions is critical to this effort.

Three lubrication regimes are typically identified when a liquid lubricant is used between two
sliding surfaces [3]: boundary lubrication (BL), mixed lubrication (ML), and hydrodynamic lubrication
(HL). The BL regime has appreciable asperity contact, resulting in high friction. A thin film of fluid
partially separates the surfaces in the ML regime. This film reduces friction in the system, because
the contact pressure is supported by both the fluid film and the solid surfaces. In HL, a thick film
of lubricant is interposed between the surfaces in relative motion, avoiding contact of asperities.
This regime has the lowest initial friction (elastohydrodynamic lubrication), but viscous effects increase
the friction coefficient as the fluid film thickness increases.
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The specific film thickness (λ) is a dimensionless parameter that has been used to characterize the
lubrication regime of contacting surfaces in relative motion [4,5]. This parameter is also referred to as
the lambda parameter or the lubricant film parameter. The specific film thickness is defined as

λ =
h√

σ2
a + σ2

b

, (1)

where h is the lubricant film thickness, and σa and σb are the average [4] or root mean square [6]
roughness values of the surfaces in contact. Analytical expressions for the film thickness (h) can be
determined from theoretical equations of elastohydrodynamic lubrication and several alternative
formulations can be found in reference [7]. When the specific film thickness is large (λ > 3), the oil
film is thick enough to ensure there is no asperity contact between the surfaces and that the system
experiences hydrodynamic lubrication [6]. Boundary lubrication is expected when λ < 1 and the
lubricating film is not thick enough to prevent contact between the surfaces [3,6]. The transitional ML
regime is observed for moderate film thicknesses (1 < λ < 3).

Viscosity, density, wetting properties, thermostability, and the ability to form tribofilms of fluids
are key factors for any oil lubrication system. The effects and relative importance of these properties
can be dependent on the lubrication regime. For example, increasing the lubricant viscosity can help
to create and maintain an oil film between the contact surfaces in BL. However, in HL, an increased
viscosity results in undesirable viscous friction.

While the role of lubricant viscosity is fairly well established [3,8], the effects of wettability
across multiple wetting regimes is less well understood [6–17]. To improve the understanding of
wettability in tribological systems, recent investigations have worked to characterize the wettability
of a variety of novel lubricants [6,12–15] and to understand the role of wettability in tribological
performance [6–8,10,11,16–18]. In HL, high wettability (and low contact angles) are often desirable.
This high affinity between the lubricant and the surface improves film stability and makes it easier for
a lubricant to penetrate small gaps between surfaces [18,19]. However, low wettability appears to be
preferable in BL for a variety of lubricant surface pairings [6,9–11]. While the reduction in friction in
these cases is often attributed to interfacial slip, the mechanism for that slip has been attributed to a
variety of mechanisms including: low wettability [6,9,11,16], high wettability [20,21], and air trapping
in the lubricating film [22,23].

Another area of disagreement in the literature relates to how wettability should be characterized
in tribological systems [6,9–11]. Over a series of works, Kalin and Polajnar concluded that wetting
behavior is best characterized by a novel formulation of the spreading parameter that includes
disperse and polar components of surface tension and surface energy [9–11]. However, Bombard et al.
argued that characterizing the wettability with the contact angle provides a better correlation with the
tribological performance of ionic liquid (IL) and magnetorheological (MR) lubricants between metallic
(steel–steel), thermoplastic (polyoxymethylene: POM–POM), and elastic (polydimethylsiloxane:
PDMS–PDMS) contact [6].

The use of apparent contact angles as a parameter to characterize wetting can lead to uncertainty.
In particular, the strength of adhesion to the surface relative to cohesion within the fluid can alter the
time required for a contact angle measurement to come to a steady state. For example, when cohesive
energy is high relative to the adhesion contact angle, measurements only become stable after 15 s [9] to
1000 s [15]. Furthermore, apparent contact angle measurements can suffer from significant uncertainty
when taken on rough or heterogeneous surfaces [24–27]. Future investigations examining wettability
in tribological applications could potentially reduce this uncertainty by using advancing contact angles
which are more consistent on rough and heterogeneous surfaces [24,25,28].

Another potential issue with using wettability to characterize tribological performance is that
chemical interactions between the lubricant and the surface can alter the physiochemical properties of
the system. Polar lubricants, such as ionic liquids, have the ability to form tribofilms on the surfaces in
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contact, reducing friction and wear under specific conditions. The formation of this film is favored
by the polarity of the anion and high values of pressure, temperature, and/or sliding speed [29–33].
It may be possible to detect these physiochemical changes by monitoring changes in the wettability
of the surface over time. Future investigations could also examine how the wettability of the system
changes as a result of chemical interactions between the lubricant and the surface.

The current investigation will initially use data from published works [6,9,15] to determine if the
contact angle and multiple formulations of the spreading parameter can be used interchangeably for
the characterization of wetting in tribological applications. It will then use experimental data collected
in reference [6] to examine how these parameters are correlated to the measured friction coefficient for
a variety of lubricants on metallic, thermoplastic, and elastic surfaces.

2. Results and Discussion

2.1. Defining Parameters to Characterize Wettability

The effect of wettability on lubrication is typically characterized using the contact angle [6,15] or
the spreading parameter [9–11]. The contact angle (θ) is the angle that the interface of a droplet makes
with the surface at the three-phase contact line. The spreading parameter (S) is defined as

S = γSM − (γSL + γLM), (2)

where γLM is the surface tension between the liquid and the surrounding medium (air), γSM is the
surface tension between the surface and the surrounding medium, and γSL is the surface tension
between the surface and the liquid. The spreading parameter compares the total energy of a dry surface
(γSM) (Figure 1a) with that of a fully wetted surface (γSL + γLM) (Figure 1b). When S is positive,
the surface energy is minimized when the fluid wets the surface. When S is negative, the surface energy
is minimized when the contact area between the fluid and the surface is minimized. This suggests
that a fluid will form droplets on the target surface. While the spreading parameter is physically
meaningful, the contact angle (θ) is often preferred as it is typically easier to measure then γSM and γSL.

The spreading parameter can be described as a function of the contact angle by introducing
Young’s equation. Young’s equation is a vector sum of the three components of surface tension at the
contact line (Figure 1c) such that

γSM − γSL = γLM cos θ. (3)

Substituting (3) into (2) yields

S = γLM cos θ − γLM = γLM(cos θ − 1) (4)

Since (4) describes the competition between full and partial wetting, it can also be interpreted as
the difference between the adhesion work between the fluid and the surface (WA) and the cohesion
work between liquid molecules (WC) [12,14]. As shown in [12,14,34,35] adhesion and cohesion work
can be estimated as

WA ≈ γLM(cos θ + 1) (5)

WC ≈ 2γLM, (6)

So, Equation (4) can approximated as

S ≈WA −WC ≈ γLM(cos θ + 1)− 2γLM. (7)

When S > 0, WC < WA, and fluid is drawn to the surface to increase the wettability of the
surface. When S < 0, WC < WA, and fluid beads up on the surface because fluid molecules are drawn
more strongly to each other. In Equations (3)–(6), the spreading parameter (S), adhesion work (WA),
and cohesion work (WC) can be evaluated with knowledge of the surface tension between the liquid
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and the surrounding medium (γLM) and the contact angle between the liquid and the surface (θ).
Both of these parameters can be attained through optical measurement [15,36,37].

An alternate formulation of the spreading parameter (SP) was proposed by Kalin and Polajnar [9].
This formulation uses the Owens–Wendt–Rabel–Kaelble (OWRK) model [35] to incorporate the polar
(γP) and disperse (γD) components of surface tension (γ = γD + γP). The OWRK model calculates
the disperse (van der Waals) and polar (acid base or covalent) components of adhesion work (WA) as

WA ≈ 2
(√

γD
S γD

LM +
√

γP
S γP

LM

)
, (8)

where γS is the surface energy, γLM is the surface tension between the liquid and the surrounding
medium, and superscripts D and P denote the disperse and polar components of each term [9–11,35].
Combining Equations (7) and (8) yields the spreading parameter (SP) proposed by Kalin and Polajnar:

SP = 2
(√

γD
S γD

L +
√

γP
S γP

L − γLM

)
. (9)

The evaluation of SP (9) requires knowledge of the total, disperse, and polar components of
surface tension between the liquid and the surrounding medium (γLM) and the diffuse and polar
components of the surface energy of the solid (γS). The diffuse and polar components of the surface
energy can be determined through a series of experiments measuring the contact angles of model
liquids on a surface of interest [6,9–12,14]. The diffuse component of the liquid surface tension is
determined by measuring the contact angle of the liquid on a polytetrafluorethylene (PTFE) surface.
This information is then entered into the OWRK model (6) as PTFE has a known total surface energy
and is accepted to have no polar interactions with fluids.

Figure 1. Sketches of (a) a dry surface (b) total wetting, and (c) a droplet on a surface as described by
Young’s equation.

2.2. Comparing Characteristic Parameters for Wettability

In an effort to examine an apparent disagreement in the literature, this work first compared the
relationship between S, SP, and θ to determine if they can be used interchangeably to characterize
wettability. This was accomplished by comparing all three parameters for experimental data
gathered in references [6,9,15]. This dataset included the tribological performance of 11 lubricants,
including: low (PAO4), moderate (PAO), and high viscosity (PAO9) polyalphaolefin oils, 1-Ethyl-3-
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methylimdazolium bis(trifluoromethanesulfonyl) imide ([EMIM][NTf2]), 1-Ethyl-3-methylimdazolium
trifluoromethanesulfonate ([EMIM][CF3SO3]), 1-Butyl-3-methylimidazolium thiocyanate
([BMIM][SCN]), 1- Butyl-3-methylimidazolium bis(trifluoromethanesulfonyl) imide ([BMIM][NTF2]),
1-Butyl-3-methylimidazolium tetrafluoroborate ([BMIM][BF4]), 1-Butyl-3-methylimidazolium
hexafluorophosphate ([BMIM][PF6]), 1-Butyl-3-methylimidazolium ([BMIM][CH3COO]). It also
included eight different surface types (steel, Polyoxymethylene (POM), Polydimethylsiloxane (PDMS),
and multiple types of diamond: Non-hydrogenated tetrahedral amorphous (ta-C), Hydrogenated
amophorous (Si-DLC), N-doped (N-DLC), Hydrogenated amorphous (a-C:H), and Hydrogenated
amorphous doped with silicon and fluorine (F-DLC)). The sources of all data and relevant properties
for the characterization of wetting behavior can be found in Table 1. Uncertainty in contact angle
measurements was only presented in 25% of the cases examined in references [6,9,15], and none of these
works included experimental uncertainty for SP. These investigations also only reported the steady
state apparent contact angle of the lubricant on the surface. Future investigations could investigate
the potential suitability of using the advancing contact angle measurements which have shown less
variability with surface roughness and heterogeneity [24–27].

Table 1. Experimental data for the characterization of wetting [6,9,15].

Source Surface Lubricant
γLM (mN/m) γLM (mJ/m2) Temp.

θ (◦)
S SP

Polar Disperse Total Polar Disperse Total (◦C) (mN/m) (mN/m)

[10] Steel PAO4 4.8 24.2 29.0 12.1 31.4 43.5 − 11.1 −0.02 12.34
[10] Steel PAO9 6.5 23.7 30.2 12.1 31.4 43.5 − 11.3 −0.02 11.86

[10] ta-C PAO4 4.8 24.2 29.0 16.5 31.9 48.4 − 3.5 0.00 15.38
[10] ta-C PAO9 6.5 23.7 30.2 16.5 31.9 48.4 − 8.5 −0.01 15.31

[10] Si-DLC PAO4 4.8 24.2 29.0 8.6 31.8 40.4 − 4.3 0.00 10.32
[10] Si-DLC PAO9 6.5 23.7 30.2 8.6 31.8 40.4 − 10.9 −0.02 9.44

[10] N-DLC PAO4 4.8 24.2 29.0 7.8 32.5 40.2 − 6.8 −0.01 10.24
[10] N-DLC PAO9 6.5 23.7 30.2 7.8 32.5 40.2 − 13.8 −0.03 9.25

[10] a-C:H PAO4 4.8 24.2 29.0 4.3 31.8 36.1 − 7.6 −0.01 6.55
[10] a-C:H PAO9 6.5 23.7 30.2 4.3 31.8 36.1 − 13.6 −0.03 5.06

[10] F-DLC PAO4 4.8 24.2 29.0 1.2 16.8 18.0 − 53.2 −0.40 −12.96
[10] F-DLC PAO9 6.5 23.7 30.2 1.2 16.8 18.0 − 56.5 −0.45 −14.99

[7] Steel PAO 0.0 27.0 27.0 2.2 39.6 41.8 − 10.8 −0.02 13.20
[7] Steel [EMIM][NTf2] 11.4 25.6 37.0 2.2 39.6 41.8 − 34.5 −0.18 −0.46
[7] Steel [EMIM][CF3SO3] 17.8 23.5 41.3 2.2 39.6 41.8 − 35.3 −0.18 −9.10
[7] Steel [BMIM][SCN] 39.2 7.8 47.0 2.2 39.6 41.8 − 46.4 −0.31 −40.15
[7] Steel [BMIM][NTF2] 0.9 32.7 33.6 2.2 39.6 41.8 − 38.9 −0.22 7.44
[7] Steel [BMIM][BF4] 20.7 24.1 44.8 2.2 39.6 41.8 − 48.8 −0.34 −14.12
[7] Steel [BMIM][PF6] 5.2 38.9 44.1 2.2 39.6 41.8 − 52.6 −0.39 −3.02
[7] Steel [BMIM][CH3COO] 9.9 26.5 36.4 2.2 39.6 41.8 − 33.6 −0.17 1.36
[7] Steel IL I04 6.0 22.3 28.3 2.2 39.6 41.8 − 6.4 −0.01 10.21

[7] POM PAO 0.0 27.0 27.0 4.5 35.4 39.9 − 12.4 −0.02 13.20
[7] POM [EMIM][NTf2] 11.4 25.6 37.0 4.5 35.4 39.9 − 38.2 −0.21 0.72
[7] POM [EMIM][CF3SO3] 17.8 23.5 41.3 4.5 35.4 39.9 − 42.2 −0.26 −6.97
[7] POM [BMIM][SCN] 39.2 7.8 47.0 4.5 35.4 39.9 − 48.8 −0.34 −34.07
[7] POM [BMIM][NTF2] 0.9 32.7 33.6 4.5 35.4 39.9 − 33.4 −0.17 4.88
[7] POM [BMIM][BF4] 20.7 24.1 44.8 4.5 35.4 39.9 − 50.6 −0.37 −11.88
[7] POM [BMIM][PF6] 5.2 38.9 44.1 4.5 35.4 39.9 − 53.5 −0.41 −4.41
[7] POM [BMIM][CH3COO] 9.9 26.5 36.4 4.5 35.4 39.9 − 49.9 −0.36 1.78
[7] POM IL I04 6.0 22.3 28.3 4.5 35.4 39.9 − 7.7 −0.01 9.89

[7] PDMS PAO 0.0 27.0 27.0 0.1 18.8 18.9 − 34.5 −0.18 −9.10
[7] PDMS [EMIM][NTf2] 11.4 25.6 37.0 0.1 18.8 18.9 − 83.7 −0.89 −27.99
[7] PDMS [EMIM][CF3SO3] 17.8 23.5 41.3 0.1 18.8 18.9 − 86.1 −0.93 −38.02
[7] PDMS [BMIM][SCN] 39.2 7.8 47.0 0.1 18.8 18.9 − 102.9 −1.22 −65.76
[7] PDMS [BMIM][NTF2] 0.9 32.7 33.6 0.1 18.8 18.9 − 73.8 −0.72 −16.89
[7] PDMS [BMIM][BF4] 20.7 24.1 44.8 0.1 18.8 18.9 − 92.3 −1.04 −44.10
[7] PDMS [BMIM][PF6] 5.2 38.9 44.1 0.1 18.8 18.9 − 87.0 −0.95 −32.47
[7] PDMS [BMIM][CH3COO] 9.9 26.5 36.4 0.1 18.8 18.9 − 88.1 −0.97 −26.28
[7] PDMS IL I04 6.0 22.3 28.3 0.1 18.8 18.9 − 51.7 −0.38 −14.12



Lubricants 2018, 6, 70 6 of 19

Table 1. Cont.

Source Surface Lubricant
γLM (mN/m) γLM (mJ/m2) Temp.

θ (◦)
S SP

Polar Disperse Total Polar Disperse Total (◦C) (mN/m) (mN/m)

[16] Steel [THTDA][NTf2] 11.0 15.6 26.6 2.2 39.6 41.8 25 26.6 −0.11 6.34
[16] Steel [THTDA][NTf2] 10.6 18.1 28.7 2.2 39.6 41.8 40 28.7 −0.12 5.87
[16] Steel [THTDA][NTf2] 10.9 7.2 18.0 2.2 39.6 41.8 100 18.0 −0.05 7.41
[16] Steel [THTDP][NTf2] 9.8 4.0 13.8 2.2 39.6 41.8 25 13.8 −0.03 6.81
[16] Steel [THTDP][NTf2] 11.1 6.5 17.7 2.2 39.6 41.8 40 17.7 −0.05 6.72
[16] Steel [THTDP][NTf2] 11.1 6.5 17.7 2.2 39.6 41.8 100 17.7 −0.05 6.72
[16] Steel [1TD3HI][NTf2] 4.4 0.5 4.9 2.2 39.6 41.8 25 4.9 0.00 5.23
[16] Steel [1TD3HI][NTf2] 11.2 6.1 17.3 2.2 39.6 41.8 40 17.3 −0.05 6.43
[16] Steel [1TD3HI][NTf2] 12.1 15.3 27.4 2.2 39.6 41.8 100 27.4 −0.11 4.79

The spreading parameters S and SP are both correlated with the contact angle between the
lubricant and the target surface (Figure 2a). The spreading parameter (S) was more strongly correlated
with θ than SP, because S is an explicit function of θ. The non-linear relationship between these
parameters suggests that characterizing wettability by contact angle may be less accurate than the
spreading parameter. This appears to be particularly true at low contact angles, where the spreading
parameters are a weaker function of θ. This is not unexpected as S is a function of cos(θ).

Figure 2. Comparison of (a) the ratio of adhesive to cohesive energy calculated using the polar and
disperse components of surface tension (closed) and contact angles (open) and (b) a direct comparison
of the two values for experimental cases from references [6,9,15].

While S and SP are not linear functions of θ, they appear to be linearly related to each other
(Figure 2b). The results presented here showed a strong linear correlation between S and SP with a
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slope of 1.2± 0.16 and a coefficient of determination (R2) value of 0.83 (Table 2). The uncertainty for
the 95% confidence interval of this linear fit is 2.7 mJ/m2. It is unclear how uncertainty in the linear
regression compares to experimental uncertainty in the spreading parameters, as this information
is not reported in references [6,9,15]. Nevertheless, this data suggests that wettability is similarly
described by S and SP. This was not unexpected as SP is derived from S (Equations (4)–(9)).

Table 2. Statistical data for linear fits.

Figure Range of λ·|S∗| Slope (−) R2 2·Sx,y Units of Sx,y

Figure 2b N/A 1.2± 0.16 0.83 2.7 mJ/m2

Figure 3c N/A 1.40± 0.21 0.79 0.5 −
Figure 3d N/A 1.05± 0.09 0.92 0.4 −

While S and SP are linearly related, S is always negative, while SP is positive for smaller contact
angles and negative for larger contact angles. Kalin and Polajnar suggested that the negative values
of SP indicate good tribological performance [9–11]. Similarly, Bombard et al. suggested that better
tribological performance in boundary lubrication was achieved when IL and MR lubricants formed
higher contact angles with the target surface [6]. The data presented in Figure 2a demonstrates that
these two conditions are similar, if not the same. This performance condition can also be identified by
the magnitude of S. Instead of changing sign at low contact angles, the magnitude of S becomes small.
The relationship between S, SP, and θ shown in Figure 2 suggests that all three parameters could be
used to provide similar characterizations of wettability across a variety of tribological applications.
However, the non-linear relationship between the contact angle and the spreading parameters suggests
that cos(θ) is likely a better proxy for spreading parameter than θ alone.

2.3. Dimensionless Wetting Parameters

A dimensionless wetting parameter may be useful for characterizing the effect of wettability on
the friction coefficient across a variety of tribological systems. Since both S and SP have the same units
as surface tension (mN/m) and surface energy (mJ/m2), non-dimensional spreading parameters were
constructed by scaling them with either the surface tension between the lubricant and the surrounding
medium (γLM) or the surface energy of the target surface (γS). Using Equations (3) and (8), these
dimensionless spreading parameters were defined as

S∗ = S/γLM = (cos θ − 1), (10)

SP∗ = SP/γLM = 2

(√
γD

S γD
L

γ2
LM

+

√
γP

S γP
L

γ2
LM
− 1

)
, (11)

S∗∗ = S/γS = (γLM/γS)(cos θ − 1), and (12)

SP∗∗ = SP/γS = 2

(√
γD

S γD
L

γ2
S

+

√
γP

S γP
L

γ2
S
− γLM

γS

)
. (13)

These parameters scale the difference between the work of adhesion and cohesion by the surface
tension of the lubricant (Equations (10) and (11)) or the energy of surface (Equations (12) and (13)).
Like the dimensional spreading parameters, formulations that depend on the contact angle require
fewer empirical inputs at the cost of losing information on the relative importance of polar and disperse
components of surface tension and surface energy. Interestingly, S∗ was only a function of θ, while S∗∗

requires knowledge of γS. Since γLM and γS are already required to calculate SP, both SP∗ and SP∗∗

can be determined without additional measurements if all variables in SP are already known.
As expected, the dimensionless spreading parameters proposed in Equations (10)–(13) are

non-linearly related to the contact angle between the lubricant and the target surface (Figure 3a,b).
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Dimensionless spreading parameters calculated using contact angles (S∗, S∗∗) are linearly correlated
to those using polar and disperse components of surface tension and surface energy (SP∗, SP∗∗)
when scaled by the same parameter (Figure 3c,d). Dimensionless versions of S and SP are more
strongly correlated when scaled by surface energy (m = 1.05± 0.09, R2 = 0.92) than by surface tension
(m = 1.40± 0.21, R2 = 0.79) (Table 2). This is likely the result of the additional information required
for the formulation of S∗∗ which is defined by the properties of the lubricant (γLM), the surface (γS),
and the interaction between the lubricant and the surface (θ). While the linear fit is stronger between
S∗∗ and SP∗∗, the uncertainty for both fits is similar at 0.5 (−) and 0.4 (−) (Table 2). Despite the
slightly weaker correlation between S∗ and SP∗, the use of S∗ to characterize wetting is attractive as it
can be evaluated with a single contact angle measurement (θ).

Figure 3. Dimensionless spreading parameters (a) S∗ (open), SP∗ (closed), and (b) S∗∗ (open) and
SP∗∗ (closed) as a function of contact angle as well as a comparison of (c) S and SP, (d) S∗ and SP∗,
and (d) S∗∗ and SP∗∗ and corresponding linear regression for experimental cases in references [6,9,15].

The results in Figures 2 and 3 suggest that θ, S, and SP are all suitable for the characterization
of wetting performance across a wide range of tribological systems, but the use of cos(θ) is likely
preferable to θ alone. Scaling a spreading parameter by γLM or γS may provide a suitable dimensionless
description of wetting behavior in the system. In all cases, parameters described by the contact angle
have reasonable correlations with those that use the polar and disperse coordinates of surface tension
and surface energy. This suggests that there is limited benefit in knowing the polar and disperse
components of surface tension and surface energy for the cases examined here. As such, formulations
based on the contact angle may be more attractive because they can be determined using fewer
experimental inputs. While uncertainty in S and SP was generally unknown in this meta-analysis,
it is likely that the uncertainty in SP is greater than that in S due to the propagation of error from the
higher number of required experimental inputs.
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2.4. Using Wettability to Characterize Friction

The results presented in Figures 2 and 3 suggest that the wettability of tribological systems can
be reasonably characterized by θ, S, and SP. The remainder of this investigation will characterize the
effect of wettability on friction in various tribological systems using |S∗|. This parameter was chosen
because it can be fully determined from a measurement of the contact angle between the lubricant and
the surface. Since the sign of S∗ does not change with the contact angle, using |S∗| for log plots does
not result in any loss of information. Comments on the suitability of other dimensionless parameters
can be found in the Supplemental Information (Figures S1–S3).

This investigation used the friction coefficient data reported by Bombard et al. [6]. This dataset
consists of a total of 123 friction coefficient measurements for cases involving multiple neat ILs and MR
fluids between metallic (steel–steel), thermoplastic (POM–POM), and elastic (PDMS–PDMS) surfaces.
Relevant experimental data for the characterization of friction when using MR fluids and neat ionic
liquids (ILs) can be found in Tables 3–5, respectively. The specific film thickness in reference [6] was
calculated using a correlation for minimum film thickness (hm) found in reference [7]. Bombard et al.
provided the uncertainty for friction coefficient measurements, but not for λ [6]. Friction coefficient
information was not provided in reference [9], and the value of λ was not provided in reference [15].

The importance of wettability in lubrication is often determined by the lubrication regime.
These regimes are frequently identified by comparing the characteristic thickness of the lubricating film
to the root-mean-squared roughness of the mating surfaces. This ratio is defined as the specific film
thickness (λ). The system is thought to be in hydrodynamic lubrication if the specific film thickness is
large (i.e., λ > ∼ 3), and in boundary lubrication when λ < 1. The mixed lubrication regime has been
identified for cases when 1 < λ < ∼ 3. The effect of λ on the friction coefficient for the tribological
data in reference [6] is shown in Figure 4. The friction coefficient was low and relatively consistent
when λ > 1 and generally increased when λ < 1.

Wettability is generally considered to be more important in boundary lubrication than in
hydrodynamic lubrication [6,15]. In the data analyzed here, hydrodynamic lubrication was always
observed when |S∗| > 1 (Figure 4). However, when λ < 1, friction coefficients tended to be large when
spreading parameters were small (|S∗| < 0.1) and moderate when 0.1 < |S∗| < 1.

The friction coefficients of the cases examined here were not always well characterized by |S∗|.
For example, when PAO was used as a lubricant between PDMS surfaces, friction coefficients were
low despite moderate values of |S∗| (0.1 < |S∗| < 1). Another set of outlying cases used IL 104 as
a lubricant for steel–steel, POM–POM, and PDMS contacts. Using IL 104 between steel and POM
surfaces yielded moderate friction coefficients despite having very low values of |S∗| (|S∗| < 0.01).
Similarly, low values of friction coefficient were observed when IL 104 was used between PDMS
surfaces, despite moderate values of |S∗| (0.1 < |S∗| < 1). In all of these cases, friction coefficients
were lower than what would be expected from |S∗| alone.

The relationship between λ and |S∗| for neat ILs and MR fluids was examined to better understand
the role of wettability in the cases examined here (Figure 5). This figure is a log-log plot because the
range of both parameters spans several orders of magnitude. The log plot also requires the use of the
absolute value of |S∗| on the x-axis. Friction data for each lubricant surface pairing in reference [6]
are presented at either three speeds for a single load (Tables 3 and 5) or at constant λ for different
lubricant surface pairings (Table 4). For tests where the speed was varied, the dimensionless spreading
parameter did not change, and the data fell into vertical groups of three. For a given |S∗| in these
cases, λ increased with speed. This demonstrates that λ and |S∗| are independent variables and that
boundary lubrication can be achieved for low values of |S∗|.
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Table 3. Experimental data for the characterization of friction of magnetorheological (MR) lubricants [6].

Source Surface Lubricant Type |S∗|
Friction Coefficient at λ at

0.05 (m/s) 0.10 (m/s) 0.20 (m/s) 0.05 (m/s) 0.10 (m/s) 0.20 (m/s)

[7] Steel PAO MR 0.018 0.52 0.36 0.43 0.003 0.004 0.007
[7] Steel [EMIM][NTf2] MR 0.176 0.17 0.17 0.15 0.008 0.012 0.019
[7] Steel [EMIM][CF3SO3] MR 0.183 0.15 0.15 0.15 0.009 0.015 0.023
[7] Steel [BMIM][SCN] MR 0.310 0.20 0.19 0.19 0.010 0.015 0.024
[7] Steel [BMIM][NTF2] MR 0.222 0.19 0.18 0.18 0.010 0.016 0.026
[7] Steel [BMIM][BF4] MR 0.341 0.14 0.14 0.13 0.014 0.022 0.034
[7] Steel [BMIM][PF6] MR 0.393 0.15 0.15 0.16 0.027 0.042 0.066
[7] Steel [BMIM][CH3COO] MR 0.167 0.16 0.16 0.16 0.027 0.043 0.067
[7] Steel IL I04 MR 0.006 0.18 0.18 0.18 0.068 0.106 0.166

[7] POM PAO MR 0.023 0.21 0.14 0.36 0.012 0.018 0.029
[7] POM [EMIM][NTf2] MR 0.214 0.12 0.11 0.26 0.033 0.051 0.081
[7] POM [EMIM][CF3SO3] MR 0.259 0.12 0.12 0.12 0.040 0.062 0.098
[7] POM [BMIM][SCN] MR 0.341 0.14 0.14 0.15 0.041 0.064 0.101
[7] POM [BMIM][NTF2] MR 0.165 0.12 0.13 0.13 0.044 0.069 0.108
[7] POM [BMIM][BF4] MR 0.365 0.11 0.10 0.09 0.059 0.092 0.145
[7] POM [BMIM][PF6] MR 0.406 0.12 0.08 0.07 0.113 0.177 0.277
[7] POM [BMIM][CH3COO] MR 0.356 0.09 0.10 0.10 0.115 0.180 0.283
[7] POM IL I04 MR 0.009 0.12 0.10 0.10 0.284 0.446 0.699

[7] PDMS PAO MR 0.176 0.07 0.06 0.05 0.911 1.430 2.243
[7] PDMS [EMIM][NTf2] MR 0.890 0.08 0.08 0.07 2.576 4.043 6.344
[7] PDMS [EMIM][CF3SO3] MR 0.931 0.09 0.08 0.08 3.125 4.903 7.694
[7] PDMS [BMIM][SCN] MR 1.223 0.07 0.06 0.06 3.213 5.041 7.911
[7] PDMS [BMIM][NTF2] MR 0.721 0.09 0.09 0.08 3.448 5.410 8.489
[7] PDMS [BMIM][BF4] MR 1.040 0.06 0.06 0.06 4.614 7.240 11.361
[7] PDMS [BMIM][PF6] MR 0.947 0.11 0.08 0.09 8.841 13.873 21.768
[7] PDMS [BMIM][CH3COO] MR 0.966 0.09 0.07 0.09 9.027 14.165 22.228
[7] PDMS IL I04 MR 0.380 0.06 0.07 0.10 22.308 35.005 54.929
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Table 4. Experimental data for characterization of friction of neat ionic liquids (ILs) for given λ values [6].

Source Surface Lubricant Type Speed (−) λ (−) |S*| (−) Friction Coefficient (−)

[7] PDMS [EMIM][NTf2] IL − 7.900 0.176 0.060
[7] POM [EMIM][NTf2] IL − 0.101 0.176 0.079
[7] Steel [EMIM][NTf2] IL − 0.024 0.176 0.124

[7] PDMS [EMIM][CF3SO3] IL − 7.900 0.183 0.062
[7] POM [EMIM][CF3SO3] IL − 0.101 0.183 0.060
[7] Steel [EMIM][CF3SO3] IL − 0.024 0.183 0.095

[7] PDMS [BMIM][SCN] IL − 7.900 0.310 0.060
[7] POM [BMIM][SCN] IL − 0.101 0.310 0.054
[7] Steel [BMIM][SCN] IL − 0.024 0.310 0.090

[7] PDMS [BMIM][NTF2] IL − 7.900 0.222 0.060
[7] POM [BMIM][NTF2] IL − 0.101 0.222 0.080
[7] Steel [BMIM][NTF2] IL − 0.024 0.222 0.092

[7] PDMS [BMIM][BF4] IL − 7.900 0.341 0.059
[7] POM [BMIM][BF4] IL − 0.101 0.341 0.067
[7] Steel [BMIM][BF4] IL − 0.024 0.341 0.080

[7] PDMS [BMIM][PF6] IL − 7.900 0.393 0.055
[7] POM [BMIM][PF6] IL − 0.101 0.393 0.060
[7] Steel [BMIM][PF6] IL − 0.024 0.393 0.057

[7] PDMS [BMIM][CH3COO] IL − 7.900 0.167 0.059
[7] POM [BMIM][CH3COO] IL − 0.101 0.167 0.056
[7] Steel [BMIM][CH3COO] IL − 0.024 0.167 0.097
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Table 5. Experimental data for characterization of friction of neat ILs for given sliding speeds [6].

Source Surface Lubricant Type |S∗|
Friction Coefficient at λ at

0.05 (m/s) 0.10 (m/s) 0.50 (m/s) 0.05 (m/s) 0.10 (m/s) 0.20 (m/s)

[7] Steel [EMIM][NTf2] IL 0.176 0.14 0.13 0.12 0.008 0.012 0.019
[7] Steel [EMIM][CF3SO3] IL 0.183 0.12 0.11 0.10 0.009 0.015 0.023
[7] Steel [BMIM][SCN] IL 0.310 0.12 0.10 0.09 0.010 0.015 0.024
[7] Steel [BMIM][NTF2] IL 0.222 0.12 0.10 0.09 0.010 0.016 0.026
[7] Steel [BMIM][BF4] IL 0.341 0.09 0.08 0.06 0.014 0.022 0.034
[7] Steel [BMIM][PF6] IL 0.393 0.06 0.04 0.05 0.027 0.042 0.066
[7] Steel [BMIM][CH3COO] IL 0.167 0.10 0.06 0.04 0.027 0.043 0.067

[7] POM [EMIM][NTf2] IL 0.214 0.10 0.08 0.08 0.033 0.051 0.081
[7] POM [EMIM][CF3SO3] IL 0.259 0.09 0.08 0.06 0.040 0.062 0.098
[7] POM [BMIM][SCN] IL 0.341 0.10 0.07 0.05 0.041 0.064 0.101
[7] POM [BMIM][NTF2] IL 0.165 0.08 0.07 0.08 0.044 0.069 0.108
[7] POM [BMIM][BF4] IL 0.365 0.06 0.07 0.05 0.059 0.092 0.145
[7] POM [BMIM][PF6] IL 0.406 0.06 0.04 0.05 0.113 0.177 0.277
[7] POM [BMIM][CH3COO] IL 0.356 0.06 0.07 0.03 0.115 0.180 0.283

[7] PDMS [EMIM][NTf2] IL 0.890 0.12 0.06 0.06 2.576 4.043 6.344
[7] PDMS [EMIM][CF3SO3] IL 0.931 0.07 0.06 0.06 3.125 4.903 7.694
[7] PDMS [BMIM][SCN] IL 1.223 0.11 0.06 0.06 3.213 5.041 7.911
[7] PDMS [BMIM][NTF2] IL 0.721 0.06 0.06 0.06 3.448 5.410 8.489
[7] PDMS [BMIM][BF4] IL 1.040 0.06 0.06 0.06 4.614 7.240 11.361
[7] PDMS [BMIM][PF6] IL 0.947 0.05 0.06 0.06 8.841 13.873 21.768
[7] PDMS [BMIM][CH3COO] IL 0.966 0.06 0.06 0.06 9.027 14.165 22.228
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Figure 4. Friction coefficient as a function of lambda for a wide range of lubricant-surface pairings
at speeds between 0.05 to 0.20 m/s. Data includes cases from references [6] where S∗ > 0.5
(white diamonds), S∗ < 0.01 (black triangles), 0.01 < S∗∗ < 0.1 (black squares), and 0.1 < S∗∗ < 0.5
(gray circles).

Figure 5. Log-log plot of λ as a function of the dimensionless spreading parameter (S∗). Data includes
cases from reference [6] where S∗ > 0.5 (white diamonds), S∗ < 0.01 (black triangles), 0.01 < S∗∗ < 0.1
(black triangles), and 0.1 < S∗∗ < 0.5 (gray circles).

Since λ and |S∗| are independent variables, it may be possible to characterize the importance
of wettability by plotting friction coefficient as a function of λ·|S∗| (Figure 6). This is a semi-log plot
because λ·|S∗| spans multiple orders of magnitude. This framework can generally separate the current
dataset into three regimes. Specifically, friction coefficients

• were low and consistent when λ·|S∗| was above approximately 0.5;
• increased dramatically as λ·|S∗| decreased below approximately 10−3; and
• increased moderately when 10−3 < λ·|S∗| < 0.5.
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Figure 6. Friction coefficient as a function of λ·|S∗|. Logarithmic fits are provided for cases from reference [6]
where (λ·|S∗|) > 1 (white diamond), (λ·|S∗|) < 0.001 (black), and 0.001 < (λ·|S∗∗|) < 1 (gray).

These regions appear to correspond to hydrodynamic lubrication (λ·|S∗| > 0.5), boundary
lubrication (λ·|S∗| < 10−3), and mixed lubrication (10−3 < (λ·|S∗|) < 0.5). While log-linear fits of
all data examined in these regions were reasonable (Table 6), accuracy was improved when friction
coefficients for neat ILs and MR fluids were separated (Figure 7). Separating the data in this way does
not appear to alter the transition between hydrodynamic lubrication and mixed lubrication. It was not
possible to see whether the transition between mixed and boundary lubrication was affected because
λ·|S∗| > 10−3 for all neat ILs examined here.

Table 6. Statistical data for log-linear fits ‡.

Figure Range of λ·|S∗| Slope (−) R2 2·Sx,y Units of Sx,y

Figure 6 < 10−3 −0.25± 0.17 0.59 0.19 −

Figure 6 10−3 to 100 −0.05± 0.01 0.32 0.07 −

Figure 6 > 100 −0.001± 0.01 0.002 0.03 −

Figure 7a 10−3 to 100 −0.05± 0.01 0.73 0.03 −

Figure 7a > 100 −0.01± 0.01 0.04 0.03 −

Figure 7b < 10−3 −0.25± 0.17 0.59 0.19 −

Figure 7b 10−3 → 100 −0.05± 0.01 0.47 0.06 −

Figure 7b > 100 −0.002± 0.02 0.001 0.03 −
‡ Log-linear fits are of the form y = log10(x) + b for Figures 6 and 7.

Friction coefficients were low and relatively consistent as λ·|S∗| increased above approximately
0.5. This was observed for the complete dataset (Figure 6) and when data for neat ILs and MR fluids
was separated (Figure 7). This is consistent with the hydrodynamic regime where the lubricating film
reduces friction by preventing asperity contact, but viscous effects increase the friction coefficient as the
film thickness increases. Subtle differences in the literature regarding the definition of the beginning of
the hydrodynamic regime (λ greater than 3 to 5) may be related to the role of wettability in this regime.

Friction coefficients tended to increase most dramatically when λ·|S∗| decreased below
approximately 10−3 (m = −0.25 ± 0.17). Since none of the neat IL cases fall in this range, data
in this regime is the same on Figures 6 and 7. This region is defined by low values of both λ and |S∗|.
Low λ values occur when the lubricating film is thinner than the surface roughness, and low |S∗| values
occur when adhesion between the lubricant and target surface is much larger than cohesion between
molecules in the lubricant. This is consistent with observations in references [6] that tribological
performance in boundary lubrication is poor when contact angles are low or SP is positive because
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both of these conditions indicate a small value of |S∗|. The outlying cases identified in Figure 4 when
IL 104 was used for steel–steel or POM–POM are classified better on Figures 6 and 7b. These cases
have low values of |S∗| and moderate λ values. When |S∗| and λ are multiplied together, these cases
are placed near the boundary between the lubrication and transitional regimes.

Figure 7. Friction coefficient as a function of λ·|S∗| for (a) neat ILs and (b) MR fluids. Logarithmic fits
are provided for cases from reference [7] where (λ·|S∗|) > 1 (white diamond), (λ·|S∗|) < 0.001 (black),
and 0.001 < (λ·|S∗∗|) < 1 (gray).

The small spreading parameter predicts that the friction coefficient will be large as λ decreases,
but the intermediate value of λ moderates this effect so the friction coefficients were some of the lowest
values observed in the boundary lubrication regime for this dataset.

Mixed lubrication was observed when 10−3 < (λ·|S∗|) < 0.5. Like the previous regime,
the friction coefficient tended to increase as λ·|S∗| decreased, but the changes in friction were more
moderate than those observed when λ·|S∗| < 10−3 (m = −0.05± 0.01 in Figures 6 and 7a,b). In this
region, moderate λ values appeared to reduce friction when |S∗| was small. Similarly, moderate values
of |S∗| appeared to reduce friction when λ was small. The accuracy of log-linear fits in this regime
showed the greatest improvement when the entire dataset was separated into neat ILs and MR fluids
(Table 6). In particular, the coefficient of determination (R2) value for the neat IL data in this regime was
more than twice that of the entire dataset (0.32→ 0.73), and the uncertainty in the linear regression
(2·Sx,y) was halved (0.07→ 0.03). The fit and accuracy of the regression for the MR fluids improved
to a lesser degree (R2

MR = 0.47, 2·Sx,y = 0.06).
The dataset examined here suggests that the friction coefficient for a variety of neat ILs and MR

fluids on metallic, thermoplastic, and elastic surfaces can be reasonably characterized with knowledge
of λ and a dimensionless parameter that accounts for the relative strength of adhesion and cohesion
in the system. The dimensionless spreading parameter (|S∗|) was an attractive wetting parameter
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because λ·|S∗| effectively characterized hydrodynamic, transitional, and film lubrication, and |S∗| can
be calculated using only θ. This suggests that it may be possible to collapse Stribeck curves for different
lubricants and different surfaces by multiplying λ by a dimensionless parameter characterization of
wetting in the system. Testing this methodology on a wider range of conditions (i.e., lubricants, surfaces,
surface textures, testing methodologies, etc.) is necessary to test this hypothesis. Future investigations
could also examine whether changes in wettability due to chemical interactions between the lubricant
and the surface can be used to describe the changes in the tribological performance of the system and
whether use of the advancing contact angle is a more suitable parameter to characterize wettability
than the apparent contact angle.

3. Conclusions

The wettability of a lubricant on a target surface was characterized using the contact angle and
various dimensional and dimensionless spreading parameters. The calculation of various spreading
parameters using contact angles and polar and disperse components of surface tension and surface
energy yielded similar results. Furthermore, the inclusion of polar and disperse components of surface
tension and surface energy did not appear to provide additional insight into the wetting behavior of
the tribological systems examined here.

Wettability alone was not sufficient to characterize the friction coefficients observed for a variety of
neat ionic liquids and magnetorheological fluids in contact with metal and polymer surfaces. However,
it was possible to identify hydrodynamic, boundary, and mixed lubrication regimes in these cases by
combining a dimensionless wettability parameter with the ratio of the film thickness to the surface
roughness. Spreading parameters derived using disperse and polar components of surface tension
and surface energy did not appear to provide additional benefit over those that use the contact angle.
Scaling the spreading parameter using the surface tension of the lubricant provided an attractive
combination of performance and ease of experimentation as it only requires knowledge of the contact
angle to be computed.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-4442/6/3/70/s1,
Figure S1: Friction coefficient as a function of lambda multiplied by the dimensionless spreading parameter
(λ·|S**|), Figure S2: Comparison of (a) WC,DP/WA,DP (closed) and WC,θ/WA,θ (open) to the θ and (b) a direct
comparison of WC,DP/WA,DP and WC,θ/WA,θ , Figure S3: Friction coefficient as a function of lambda multiplied
by the ratio of cohesion to adhesion formulated using (a) polar and disperse components of surface tension and
(b) contact angles.

Author Contributions: Conceptualization, M.J.S. and P.I.; Methodology, M.J.S. and P.I.; Software, M.J.S.;
Validation, M.J.S. and P.I.; Formal Analysis, M.J.S.; Investigation, M.J.S. and P.I.; Resources, M.J.S. and P.I.;
Data Curation, M.J.S.; Writing-Original Draft Preparation, M.J.S.; Writing-Review & Editing, M.J.S. and P.I.;
Visualization, M.J.S. and P.I.; Supervision, M.J.S. and P.I.; Project Administration, M.J.S. and P.I.; Funding
Acquisition, M.J.S. and P.I.

Funding: This research received no external funding.

Acknowledgments: The authors wish to thank the financial support of the Kate Gleason College of Engineering
at the Rochester Institute of Technology, NY.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

Parameter/Abbreviation Description Unit
A Subscript for adhesion work per unit area N/A
a-C:H Hydrogenated amorphous diamond-like carbon N/A
[BMIM][SCN] 1-Butyl-3-methylimidazolium thiocyanate N/A
[BMIM][NTF2] 1-Butyl-3-methylimidazolium bis(trifluoromethanesulfonyl imige/“Triflimide” N/A
[BMIM][BF4] 1-Butyl-3-methylimidazolium tetrafluoroborate N/A
[BMIM][PF6] 1-Butyl-3-methylimidazolium hexafluorophosphate N/A
[BMIM][CH3COO] 1-Butyl-3-methylimidazolium N/A
BL Boundary lubrication regime N/A
C Subscript for cohesion work per unit area N/A

http://www.mdpi.com/2075-4442/6/3/70/s1
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Parameter/Abbreviation Description Unit
D Superscript for disperse component of γ N/A
[EMIM][NTf2] 1-Ethyl-3-methylimdazolium bis(trifluoromethanesulfonyl) imide/Triflimide” N/A
[EMIM][CF3SO3] 1-Ethyl-3-methylimdazolium trifluoromethanesulfonate/“Triflate” N/A
F-DLC Hydrogenated amorphous diamond-like carbon doped with silicon and fluorine N/A
h Lubricant film thickness m
HL Hydrodynamic lubrication regime N/A
IL Ionic liquid N/A
IL104 Trihexyltetradecylphosphonium bis(2,4,4-trimethylpentyl) phosphinate (Cytec) N/A
LM Subscript for the interface between the liquid and the surrounding medium N/A
ML Mixed lubrication regime N/A
MR Magnetorhelogical N/A
N-DLC N-doped diamond-like carbon N/A
OWRK Owens–Wendt–Tabel–Kaelble N/A
P Superscript for polar component of γ N/A
PAO Polyalphaolefin oil N/A
PAO4 Low-viscosity polyalphaolefin oil (Chevron Philips) N/A
PAO9 High-viscosity polyalphaolefin oil (Chevron Philips) N/A
PDMS Polydimethylsiloxane N/A
POM Polyoxymethylene N/A
S Spreading parameter J/m2

Si-DLC Hydrogenated amophorous diamond-like carbon N/A
SL Subscript for the interface between the surface and the liquid N/A
SM Subscript for the interface between the surface and the surrounding medium N/A
SP Spreading parameter derived by Kalin and Polajnar N/A
ta-C Non-hydrogenated tetrahedral amorphous diamond-like carbon N/A
[THTDP][NTf2] Trihexyltetradecyl phosphonium bis(trifluoromethylsulfonyl) amide N/A
[THTDA][NTf2] Trihexyltetradecyl ammonium bis(trifluoromethylsulfonyl) N/A
W Work per unit area J/m2

[1TD3HI][NTf2] 1-Tetradecyl-3-hexyl imidazolium bis(trifluoromethylsulfonyl) amide N/A
γ Surface tension (and surface energy) N/m or J/m2

σ Surface roughness (average or root mean square) roughness m
θ Contact angle degrees
λ Specific film thickness −
∗ Superscript for a dimensionless parameter N/A
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