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ABSTRACT  7 

The performance of surface active additives, such as friction modifiers, depends on 8 

their interactions with surfaces. Their effectiveness thus hinges upon the surface 9 

conditions. In this work, the effect of cleaning methods of test substrates on the friction 10 

reduction capabilities of different organic friction modifier (OFM) additives was 11 

investigated. 52100 steel discs and balls were the test specimens. They were cleaned in 12 

five different ways.  The cleaned surfaces were characterised by using ellipsometry and 13 

atomic force microscopy. The tribological performance of stearic acid (STA), 14 

octadecylamine (ODA) and octadecanol (ODO) on these surfaces were then tested.  15 

As-received steel surfaces were covered with contaminants which may impede the 16 

formation of OFM surface layer. Cleaning these surfaces with solvents cannot 17 

completely removed these contaminants, with residue layers remain. Cleaning with 18 

oxygen or argon plasma results in cleaner surfaces as compared to those cleaned by 19 

solvents only. The impact of the choice of cleaning methods on friction depends on the 20 

strength of the interaction between the OFM and the steel surface, which determines the 21 

ability of an OFM to displace surface contaminations. Cleaner surfaces result in lower 22 

initial friction for STA and ODA. Steady state friction is also affected, but to a smaller 23 

extent. It may be because most containments remained in the wear track are 24 

mechanically removed during rubbing. 25 
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INTRODUCTION  4 

Amphiphilic molecules are surface active molecules that spontaneously adsorb from a 5 

gaseous or liquid phase onto a surface. As a result, physical properties, such as wettability 6 

and friction, of a surface are altered. In some cases, these molecules may form self-assembled 7 

monolayers (SAMs). They are important for many applications (1), such as corrosion 8 

inhibition, electronic application, biotechnology, and tribology, which is the focus of this 9 

paper. 10 

SAMs have been shown to form on clean metal surfaces (2). This is well known since the 11 

first realisation of SAMs when Zisman et al. created an oleophobic monolayer on a surface 12 

after cleaning the surface using a Bunsen burner (3).  Most papers about the formation of 13 

SAMs used gold surfaces due to its chemical inertness (4,5). Studies have been conducted on 14 

gold surfaces to find which cleaning method gives the most consistent monolayer. Through 15 

surface analysis techniques such as contact angle measurements and X-ray photoelectron 16 

spectroscopy (XPS), the cleaning methods found most effective are either piranha solution 17 

(6) or UV-Ozone (7–9).  18 

The properties of the SAMs are determined by the chemical structure of the surfactant 19 

molecules, and the packing density of the SAM. Several studies examined the effect of the 20 

chemical structures of the surfactant molecules, including the saturation of the tail group (10), 21 

chemistry of the end group (11), and head group-surface interactions (12). The packing 22 

density of the SAM can be heavily influenced by these factors and are considered as one of 23 

the main causes in the variation in SAM properties.(13)   24 



Organic friction modifiers (OFMs) are known to self-assemble onto surfaces, with the polar 1 

head group adsorbing to the surface and the hydrocarbon tail group interacting with the 2 

solution. As a result, friction in the boundary regime is reduced (14,15). OFMs are typically 3 

used on steel surfaces, the most commonly used engineering surfaces. Steel samples are often 4 

received with surfaces covered with corrosion resistant chemicals or coatings, as well as other 5 

contaminants from the air. The commonly used corrosion inhibitors vary among samples and 6 

suppliers, from pastes which are applied to surfaces, to volatile corrosion inhibitors (VCI) 7 

(16). If these molecules are not completely removed, they prevent OFM molecules from 8 

adsorbing on the surface. Note that adsorbed OFMs, with high surface packing density can 9 

lead to low friction (13,17). 10 

Not all cleaning methods that are effective for gold surfaces can be applied to steel. For 11 

example, steel reacts with the piranha solution and oxidises in other aqueous based cleaning 12 

solutions. In the literature, steel samples for OFM friction tests are cleaned in several ways. 13 

In Zisman’s original experiment (3), the non-oxidising part of the flame from a Bunsen 14 

burner was used to clean various metals. This method has since been found not to give 15 

reproducible results.  Cleaning steel surfaces with solvents is common practice. While some 16 

did not mention the cleaning solvents used (18,19),  many, however use solvents such as 17 

benzene (20), acetone (21–24) and toluene (15,25,26). When cleaning with a solvent, 18 

residues, indicative of surface contamination, may remain on the surface (27). This may 19 

influence the tribological properties of the surface in dry sliding. Barthel et al. examined the 20 

impact of several cleaning methods on steel-on-steel dry sliding friction. They found that 21 

solvent cleaning left a residue on the surface which results in lower friction whereas 22 

UV/ozone cleaning produced a cleaner surface and hence higher friction (28,29). This 23 

suggests that surface contaminants may lubricate rubbing contacts.  24 



Oxygen plasma (30–33) or argon plasma (31–34) can effectively remove surface 1 

contaminants and have been used as the final cleaning step of surfaces. Oxygen plasma works 2 

by bombarding the surface with oxygen ions, which react and oxidise the surface. This 3 

changes organic material into CO2 and H2O (which are then removed by the vacuum pump) 4 

and inorganic material into oxides. It is a common method for cleaning silicon surfaces (31). 5 

Argon plasma works by bombarding the surface with inert argon atoms which etch away the 6 

top layer at the surface. Note that long periods of plasma treatment  have been shown to 7 

promote the growth of a layer of carbon on the metal surface (35) and increase the surface 8 

roughness (32), both of which will prevent the SAM formation on the surface (33).  9 

It should be noted that surface cleanliness, or in more general terms, surface treatment, also 10 

impacts on the interaction between base oils and the surface. NASA researchers have found 11 

that surface cleanliness affects the surface wetting. They found that a chlorofluorocarbon 12 

(CFC) based cleaning fluid provides the longest bearing lifetime, with UV-Ozone and super 13 

critical CO2 cleaning producing a lower bearing lifetime (36). The wettability of aluminium is 14 

important for the application of paints which act as a protective layer from corrosion. Cold air 15 

plasma is used to clean the surface finding that the longer the plasma treatment the greater the 16 

wettability of the aluminium (37). Several different solvents have been tested to measure the 17 

changes to wettability of a metal surface, finding that cleaning the surface with hydrogen 18 

peroxide provides the smallest contact angle of water with the surface (38). Carbon 19 

contamination and wettability of bearing steel prepared with different cleaning methods have 20 

also been studied. It was found that the using fluorinated hydrocarbons in a vapor degreaser 21 

(Soxhlet cleaner) results in surface with the least contamination, leading to increase surface 22 

wettability (39). The wettability of a lubricant is important for elastohydrodynamic 23 

lubrication, as it affects lubricant entrainments and lubricant flow in the contact.  Since this 24 

work focuses on the use of additives on boundary lubrication regime, and that all tested 25 



lubricants wetted tested rubbing surfaces well, the effect of surface cleanliness on lubricant 1 

wettability is neglected in this study. 2 

There is a common consensus on the importance of surface conditions on the properties of 3 

the OFM adsorbed layer. The variation of cleaning methods among tribological studies 4 

makes the comparison of results from different studies difficult. This paper investigates how 5 

cleaning methods of steel substrates affect the friction reducing properties of OFM additives. 6 

More specifically this paper examines the effects of the cleaning process on (1) the 7 

cleanliness of steel surfaces; (2) the formation of OFM adsorbed layers on steel; and (3) the 8 

effectiveness of OFMs.  9 

MATERIALS 10 

Three commonly used model OFM additives, stearic acid (≥99%), octadecylamine (≥99%) 11 

and octadecanol (≥99%) were all used as received.  The different head groups have shown 12 

different bonding to the surface with acid > amine > alcohol (40). They are referred as STA, 13 

ODA and ODO respectively in this study. The structures of these molecules are shown on 14 

Figure 1. The base oil, hexadecane (99%), was used as received. 1 mM OFM solutions (w/w 15 

0.037%, 0.035% and 0.035% for STA, ODA and ODO respectively), as well as 0.1 mM and 16 

0.01 mM stearic acid solutions were prepared by stirring at 60 °C.  17 

Analar toluene (≥ 99.5%), acetone (99.6%) and hexane (99%), were used as received without 18 

further purification.   19 

AISI 52100 6 mm diameter steel balls and AISI 52100 15 mm diameter steel disks hardened 20 

to 800Hv, were used for friction tests. The ball and the disc have a quoted roughness (Ra) of 21 

less than 50 nm and less than 20 nm respectively. Note that the disk was found to be much 22 

smoother (< 5 nm), measured by atomic force microscopy (AFM) and white light 23 

interferometry. 24 



EXPERIMENTAL METHODS 1 

Cleaning of the Substrates 2 

Steel substrates were cleaned in six ways.  In any experiment, both the ball and the disk 3 

cleaned in the same way. The six cleaning methods are: 4 

1. No Cleaning; the ball and the disk were used as received.  5 

2. Acetone Cleaning; the ball and the disk were sonicated in acetone for 30 minutes then 6 

rinsed with acetone.  7 

3. Toluene-acetone cleaning; the ball and the disk were sonicated in toluene for 30 8 

minutes then rinsed with acetone.  9 

4. Toluene cleaning; the ball and the disk were sonicated in toluene for 30 minutes then 10 

rinsed with toluene.  11 

5. Oxygen plasma cleaning; the ball and the disk was first cleaned by the toluene 12 

cleaning process (Method 4), then was cleaned with oxygen plasma for 30 seconds.  13 

6. Argon plasma cleaning; the ball and the disk was first cleaned by the toluene cleaning 14 

process (Method 4), then was cleaned with argon plasma for 30 seconds. 15 

They are summarised in Table 1. Method 1 investigates if cleaning is necessary. Methods 2 – 16 

4 examine the effectiveness of different solvent cleaning methods commonly used in 17 

literature. Finally methods 5 and 6 study the effect of plasma cleaning.  18 

Friction Measurements 19 

Friction tests were carried out with tribometer with a ball on disk setup. At the start of the 20 

test, 2 mL of lubricant was injected, flooding the contact. The ball and the disk were 21 

stationary and were kept in the lubricant for 2 minutes for OFM to adsorb on surfaces. Tests 22 

were then carried out with an applied load of 5 N, with an average Hertzian pressure of 0.73 23 



GPa. The ball remained stationary while the disc rotated. The sliding speed was fixed at 1 1 

mm/s. The radius of the rubbing track on the disc was 1 mm, thus each disc rotation 2 

corresponded to a sliding distance of 6.28 mm. A total sliding distance of 628 mm (100 3 

rotations) was applied to all tests. The tests were carried out at room temperature (23-27 °C). 4 

Friction coefficients were recorded at 200 Hz during the test. Each result presented is an 5 

average of 4 measurements. Note that friction coefficients after the fifth rotations are data 6 

averaged over 1 full rotation. Friction traces obtained in this work are divided into two stages. 7 

Results taken from the first 10 rotations and less give short time friction and corresponds to 8 

the short time performance of OFMs. The steady state friction coefficients are obtained from 9 

results after the tenth rotation. 10 

Surface Characterisation 11 

Surface characterisation was conducted in ambient conditions. An Atomic Force Microscopy 12 

(AFM) was used to examine the surface topography of the cleaned steel disc surfaces. All 13 

images were obtained in contact mode using silicon nitride tips, with a tip radius of < 10 nm 14 

and a cantilever stiffness of 0.2 N/m. Most images, unless otherwise stated, were obtained 15 

with a scan size of 10 × 10 µm2 and a scanning frequency at 0.5 Hz. At least 3 tests were 16 

performed for each condition. The thickness of surface contamination layer was estimated in 17 

a 3 × 3 µm2 area, with a 1 µm2 square scratched away by the AFM tip at high loads. The step 18 

created by the scratch test was used to estimate the thickness of the contamination layer. 19 

Roughness measurements were performed using a white light interferometer, with an area of 20 

200 × 100 µm2 inside the wear track. The results shown are averaged over four 21 

measurements.  22 

Ellipsometry measurements were taken of the discs using an imaging ellipsometer (41). 23 

Spectroscopic ellipsometry measurements were taken at an incident angle of 60° using 44 24 



wavelengths from 371 nm to 1000 nm. The ellipsometer has a PCSA setup. Using the 1 

principle of nulling ellipsometry, the compensator (C) is fixed at 45°, the orientation of the 2 

polariser (P) and analyser (A), Psi  and Delta , were recorded during the experiments. 3 

Values of  and  were input to a model to determine the thickness of surface layers. For an 4 

as-received sample, the model consists of 5 layers in the following sequence: air as the top 5 

most layer with infinite thickness, followed by the contamination layer, an effective medium 6 

layer made of 50:50 contamination and oxide, an oxide layer, and the steel substrate at the 7 

bottom, as shown schematically in Figure 2. More information about the refractive indices 8 

and fitting details are given in the supplementary material S1.   9 

RESULTS  10 

Effectiveness of Various Cleaning Methods 11 

Organic solvents are commonly used for cleaning steel surfaces. The appropriateness of the 12 

selected solvent would depend on the type of contaminants on the steel surface. As received 13 

steel samples are covered with corrosion inhibitors, and other contaminants due to handling. 14 

The two solvents used in this study, acetone and toluene, have relative polarities of 0.355 and 15 

0.099 respectively (42). More polar solvents are more able to dissolve polar additives.   16 

Surfaces of the as-received and cleaned substrates were examined with AFM as shown in 17 

Figure 3. The as-received steel disk (Figure 3a) has particulates all over its surface. These 18 

particulates, with mean height and diameter of about 4 and 95 nm respectively, are relatively 19 

homogeneous in size and cover about 5 % of the surface area. A thin contamination layer 20 

underneath the particulates can also be seen. This contamination layer contains micron sized 21 

pinholes. The depth of these pinholes is about 2 – 4 nm, suggests that a nm thick 22 

contamination layer exists.  23 



The substrates that were cleaned with acetone (Figure 3b and 3c) show an increase in the 1 

coverage of contaminant particles on their surfaces (see Table 2). Note the surface coverage 2 

of the contaminants on the surface sonicated with toluene and then rinsed with acetone 3 

(Figure 3c) is lower than that cleaned by just acetone alone (Figure 3b). While the thickness 4 

of the contamination layers of these surfaces and that of the as-received surface are similar, 5 

particulate size changes after cleaning in both cases. This may be due to the breaking up, re-6 

adsorption and re-arrangement of particulates on the surface during rinsing and sonication.  7 

Interestingly, surfaces cleaned with toluene only (Figure 3d) are cleaner, with fewer 8 

particulates (Table 2). These results suggest that using acetone is not effective and potentially 9 

may contaminate the steel surfaces. Cleaning the toluene-cleaned surface with argon (Figure 10 

3e) or oxygen (Figure 3f) plasma removes most of the particulates, as well as some of the 11 

contamination layer. The contamination layers can be scratched away with an AFM tip, 12 

potentially exposing the steel surface (scratch tests). The thickness of the contamination 13 

layer, estimated by measuring the step produced by the removed materials, together with 14 

results from spectroscopic ellipsometry, are shown in Table 2 (the effective medium and iron 15 

oxide layers are shown in the supplementary material S1) The thickness of the contamination 16 

layer are similar for all solvent-cleaned disks. Plasma cleaned surfaces are much cleaner than 17 

the solvent cleaned surfaces, with both ellipsometry and AFM results showing minimal 18 

contaminations.  19 

In summary, solvent cleaning, particularly using toluene, is effective in the removal of 20 

particulate contaminants.  The removal of contamination layers, however, requires plasma 21 

treatment. Since surface cleanliness affects the properties of OFM surface layers, it is 22 

hypothesized that friction coefficients results from the use of OFM depends on the chosen 23 

cleaning procedure. 24 



Effect of Cleaning on OFM Performance: Change of OFM Head Group 1 

Three different head groups were chosen as OFM additives. The effectiveness of 1 mM 2 

stearic acid in hexadecane (1 mM STA) in reducing friction of steel-steel contacts is shown in 3 

Figure . The solvent cleaned samples (yellow asterisks, red triangles and blue inverted 4 

triangles for acetone only, toluene then acetone, and toluene only samples respectively) and 5 

as-received sample (green squares) have similar friction coefficients during the first 3 6 

rotations. Friction is the highest (𝜇 ~ 0.22) during the first rotation. It drops gradually in the 7 

first three rotations, after which it remains relatively constant (𝜇 ~ 0.08).  With plasma-8 

cleaned samples (pink stars and black diamonds, Figure 4), 1 mM STA gives constantly low 9 

friction throughout the tests. Note that all steel samples regardless of cleaning processes have 10 

similar steady state friction coefficients. (see insert in Figure 4). Thus the effect of cleaning 11 

procedures on the effectiveness of STA is only apparent to short time friction. 12 

Similar conclusions can be made when 1 mM Octadecylamine in hexadecane (1 mM ODA) is 13 

used, see Figure 5. Plasma cleaned samples (pink stars and black diamonds, Figure 5) 14 

maintain 𝜇 ~ 0.08 throughout the test. For solvent-cleaned samples, the transition from initial 15 

high friction state (𝜇 > 0.17) to lower steady state friction (𝜇 ~ 0.08) occurs more quickly 16 

than the case of 1 mM STA and takes only one rotation. The steady state friction among 17 

solvent-cleaned samples varies. Samples cleaned with acetone, together with the as-received 18 

sample having the highest friction, while acetone-toluene cleaned and toluene cleaned 19 

samples exhibit lower friction. Plasma cleaned samples have the lowest friction. Our results 20 

show that substrate cleaning procedures impacts on both long and short time effectiveness of 21 

ODA, with cleaner substrates result in lower steady state friction.  22 

Steel-steel contacts in 1 mM Octadecanol in hexadecane (1 mM ODO) have higher friction 23 

than those observed with 1 mM STA and 1 mM ODA. 1 mM ODO gives similar friction 24 

coefficients for all samples regardless of cleaning methods initially (see Figure 6), with the 25 



plasma-cleaned samples (𝜇 ~ 0.20) giving slightly lower 𝜇 than the solvent-cleaned ones 1 

(𝜇 ~ 0.24).  Coefficients of friction are initially relatively constant, they then increase with 2 

the number of rotations (see insert, Figure 6), signifying damage to the surface. Acetone-3 

cleaned samples (yellow asterisks) see a rise in friction coefficient from the 10th rotation and 4 

reaches a high constant friction stage (𝜇 ~ 0.5) by the 40th rotation (rubbing distance ~ 240 5 

mm). All other samples exhibit a more gradual increase in friction coefficient and did not 6 

stabilise by the end of the tests. These observations suggest that ODO is an ineffective OFM 7 

in our test conditions. 8 

Effect of Cleaning on OFM Performance: Change of OFM Concentration 9 

To investigate if the sensitivity of the effectiveness of OFM to the substrate cleaning 10 

procedures depend on the concentration of OFMs in lubricants, solutions with 0.01, 0.1 and 1 11 

mM stearic acid (STA) in hexadecane were used to lubricate toluene-cleaned and oxygen 12 

plasma-cleaned substrates. Regardless of cleaning methods, the transition from the initial 13 

high friction state to the lower friction steady state takes longer and the steady-state low 14 

friction coefficient increases with decreasing STA concentration (Figure 7 and 8). Note that 15 

for 0.01 mM STA, the friction coefficient increases eventually after a period of constant 16 

friction coefficient. The increase in 𝜇 at this stage is accompanied by damage to the rubbing 17 

surfaces. Plasma cleaning results in surfaces with lower initial friction and a shorter transition 18 

from initial high friction state to lower steady state friction. The lowest friction coefficient 19 

achieved for STA in this study is about 0.08. This is achieved more readily for the plasma 20 

cleaned surface (0.1 mM) than the solvent cleaned surface (1 mM), see green diamond lines 21 

in Figures 7 and 8.    22 

Having low friction can be important for managing wear of rubbing contacts. Figure 9 shows 23 

how roughness of resulting wear tracks after 100 rotations, shown as 𝑅𝑎 taken from 24 



interferometric images (shown in supplementary data), is related to the friction at the 97th 1 

rotation. As expected, higher friction coefficients correspond to rougher surface. This is 2 

primarily dictated by the chemistry of OFMs, with ODO (blue symbols) always has high 3 

friction coefficients and high wear track roughness and STA (olive symbols) always has low 4 

friction and low roughness in this study (Figure 9a). The impact of cleaning process is most 5 

clearly obtained using ODA (red symbols, Figure 9b), with as received (red square) and 6 

acetone-cleaned (red asterisk) samples having significantly higher roughness than argon 7 

plasma cleaned samples (red star) where the wear tracks were barely visible.    8 

DISCUSSION 9 

The friction coefficients obtained with stearic acid (STA), octadecylamine (ODA) and 10 

octadecanol (ODO) at the 1st and the 97th rotations of friction tests are presented in Figure 10. 11 

Together with results discussed in previous sections, important observations regarding the 12 

effects of cleaning procedures of steel surfaces on cleanliness of steel surfaces and the 13 

effectiveness of OFM are summarised below: 14 

(1) Solvent cleaning is not effective in removing surface contaminants. Toluene can 15 

remove particulates in this study. Plasma-treatment is necessary to effectively 16 

remove surface contaminants. 17 

(2) The effect on OFM chemistry dominates over the choice of cleaning procedures on 18 

the effectiveness of OFMs in steady-state friction coefficients (solid symbols, 19 

Figure 10).  20 

(3) The choice of cleaning procedure impacts on initial friction coefficients (shown as 21 

open symbols, Figure 10), and the transitions from initial high friction state to 22 

steady state lower friction state.  23 



(4) The concentration required of the OFM for low friction is greater for toluene-1 

cleaned surfaces than for plasma-cleaned surfaces. 2 

The effectiveness of OFMs is commonly linked to the quality of the self-assembled OFM 3 

layers, and hence the surface conditions. It is thus perhaps surprising that the influence of 4 

cleaning procedures is limited to the initial friction experienced by the steel-steel contacts. 5 

Additionally, while the amount of surface contaminants depends on the choice of solvents, all 6 

solvent-cleaned surfaces behave similarly, and have similar friction coefficients at the first 7 

rotation (see Figure 10).  8 

Surface Cleanliness Affects Adsorption of OFMs 9 

For OFM to reduce friction and surface damage of a steel-steel contact, the OFM needs to 10 

interact with the steel surface directly. In a friction test, this can be achieved by (1) the OFM 11 

molecules displace the surface contaminants; and (2) mechanical removal of contaminants 12 

due to rubbing. The former is governed by the strength of the interaction between the additive 13 

and the surface, and will likely be relevant at the very start of the rubbing test. The latter is 14 

driven by the applied shear stress, and is likely to be relevant to subsequent rubbing. This 15 

leads to our observation that the choice of cleaning method impacts more on the initial high 16 

friction state than on the steady state friction. 17 

1 mM of OFMs in hexadecane were given 2 minutes to adsorb on steel surfaces before the 18 

friction test began. The friction coefficients obtained during the first rotation, 𝜇1, for as-19 

received and solvent cleaned samples were similar. Note that while the amount and the 20 

morphology of particulate contaminants differ, a sufficient amount of surface contaminants, 21 

in the form of a contamination layer (2 nm thick), remain on all solvent cleaned samples. On 22 

the other hand, plasma cleaned samples do not have this contamination layer and show a 23 

lower 𝜇1 of 0.08 for STA and ODA (Figure 4 and Figure 5). The results obtained using 0.01, 24 

0,1 and 1 mM STA (Figure 7 and Figure 8) in hexadecane show similar 𝜇1 with toluene-25 



cleaned samples, while 𝜇1 decreases with STA concentration for plasma-cleaned samples. 1 

This suggests that the displacement of surface contaminants by the OFM, and hence the 2 

availability of surface binding sites, are crucial in determining the effectiveness of OFM. As a 3 

result, the existence of the contamination layer, rather than the OFMs, determines the friction 4 

of the first rotation.  5 

The decrease in friction after the first rotation, as seen for STA and ODA for as-received and 6 

solvent cleaned samples, is likely due to the mechanical removal of the contamination layer 7 

during rubbing. The formation of surface OFM layers then follows. STA takes three rotations 8 

to produce constant low friction whereas ODA takes one rotation. The transition will depend 9 

on (1) the ease of contaminant removal and (2) the adsorption and the surface rearrangement 10 

kinetics of the OFM additives. ODO shows no transition as it only weakly adsorbed and 11 

cannot provide surface protection. Hence its performance is not affected by the removal of 12 

contaminants.  13 

Surface Contamination Affects the Steady State Friction Coefficient  14 

The steady state friction coefficient, 𝜇𝑠𝑠, for this discussion, is taken as the friction 15 

coefficients at 97th rotation 𝜇97. The OFM chemistry governs the long-time friction. STA, 16 

which strongly binds with steel surface, gives low 𝜇𝑠𝑠. ODO, which only weakly interacts 17 

with steel, has high 𝜇𝑠𝑠. The inability of ODO to protect steel-steel rubbing surfaces is 18 

evident by the increase in friction coefficient with rubbing distance due to increased surface 19 

roughness (see insert in Figure 6). For ODA, 𝜇𝑠𝑠 changes slightly with the cleaning method, 20 

see Figure 5. The cleaner the surface, the lower the resulting friction. This shows STA is 21 

more effective than ODA in removing surface contaminants. Note that surface contaminants, 22 

such as corrosion inhibitors, may have a similar amine binding group as ODA.  23 

Using plasma cleaned surfaces, STA and ODA have similar friction coefficients that are 24 

relatively constant during the whole tests. After the tests, it is observed that test solutions 25 



form beads on the discs, suggesting that the disc surfaces were oleophobic. This shows that 1 

plasma cleaning results in a sufficiently clean surface for OFM to form densely adsorbed 2 

layers quickly. This is in agreement with work done by Zisman in the 1940s showing both 3 

additives have the same friction with clean surfaces (cleaned by Bunsen burner) due to the 4 

formation of well packed, oleophobic monolayers (3). As long as the quality of surface layers 5 

is sufficient to offer protection to the steel surface, the coefficient of friction remains roughly 6 

constant. Note that this applies to STA and ODA which have strong interaction with steel and 7 

is not the case for ODO. Using ODO gives rise to weakly bound surface layer which does not 8 

provide protection for the surface, and friction increases with time even if plasma-cleaned 9 

surfaces were used.  10 

CONCLUSION  11 

Organic friction modifiers (OFMs) are used to reduce friction in mixed and boundary 12 

lubrication regime. In this study, we examined how the choice of cleaning process impacts on 13 

the effectiveness of OFMs. Using stearic acid, octadecylamine, and octadecanol, our results 14 

show that depending on OFM chemistry, how steel test specimens were cleaned affects the 15 

friction reduction of OFM additives.  16 

The surface of as received sample is covered with particulate contaminants below which is a 17 

thin, a few nm thick, contamination layer. This thin layer cannot be removed by cleaning with 18 

solvents but is removed by oxygen or argon plasma treatment. The choice of cleaning 19 

methods has a large impact on the initial friction where the friction is dictated by the ability 20 

of OFM molecules to displace contaminants on the surface. Where there is minimal 21 

contamination, after plasma cleaning, the friction is determined by the chemistry of OFM, i.e. 22 

the strength of interaction between the OFM and the surface of the steel disk. For solvent-23 

cleaned samples, most of the contamination is rubbed off after the first rotation and the OFM 24 

chemistry dictates the friction thereafter.  25 



The steady state friction of strongly adsorbing additives, such as stearic acid, is not affected 1 

by the choice of cleaning methods. The cleaning method however significantly affects the 2 

onset of surface damage, where friction rises significantly, when the OFM interacts weakly 3 

with the surface such as for octadecanol. For 1 mM octadecylamine, its friction depends on 4 

the cleanliness of the surface due to its intermediate surface interaction strength. Our work 5 

shows that there is a range of additive affinity and concentration where cleaning process does 6 

impact the results. Care must be taken when comparing results and trends from different 7 

studies where different cleaning methods have been used.  When considering the working 8 

mechanism of OFM, the process of surface contamination removal should be taken into 9 

account. 10 
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TABLES 1 

Table 1 Summary of the different cleaning methods studied.   2 

 3 

Method Sonication solvent Rinsing solvent Plasma 

1 No cleaning - - - 

2 Acetone cleaning Acetone Acetone - 

3 Toluene-acetone cleaning Toluene Acetone - 

4 Toluene cleaning Toluene Toluene - 

5 Oxygen plasma cleaning Toluene Toluene Oxygen 

6 Argon plasma cleaning Toluene Toluene Argon 

 4 

  5 



Table 2 Thickness measurements of the contamination on the surface after different cleaning 1 

methods. 2 

 3 

  Size of particulates Thickness of the contamination layer 

  AFM AFM Ellipsometry 

(nm) 
Mean 

height 

(nm) 

Mean 

diameter 

(nm) 

Area 

covered 

(%) 

Pinhole 

depth (nm) 

Scratch test 

(nm) 

No 

Cleaning 

4.2 95 5.0 2.8 - 4.8  1.8 – 2.3 2.9 – 6.1 

Acetone 3.8 92 10.6 1.9 - 5.3 1.7 – 2.3  2.3 – 2.5 

Toluene 

Acetone 

3.4 127 8.5 1.9 – 4.3 2.9 – 3.1 3.6 – 3.7 

Toluene 2.6 68 1.3 2.3 – 3.8  1.2 – 2.6 0.7 – 3.7 

Argon 

Plasma 

2.6 79 0.5 - 0.0 – 1.4 0.0 – 1.0 

O2 Plasma 3.8 79 1.1 - 0.0 – 2.3 0.0 – 1.0 

 4 

  5 



FIGURES 1 

Figure 1: Chemical structures of stearic acid, octadeylamine and octadecanol. 2 

 3 

 4 

Figure 2: Schematic of the five-layer model used to estimate the thickness of the 5 

contamination layer by spectroscopic ellipsometry. 6 

 7 

  8 



Figure 3: Topographical images of steel disks that have been subjected to, (a) no cleaning (b) 1 

acetone cleaning, (c) toluene acetone cleaning, (d) toluene cleaning, (e) argon plasma 2 

cleaning and (f) oxygen plasma cleaning. 3 

  4 



Figure 4: The effect of cleaning method on the friction of steel-steel contact lubricated by 1 1 

mM stearic acid solution. 2 

 3 

Figure 5: The effect of cleaning method on the friction of steel-steel contact lubricated by 4 

1mM octadecylamine solution. 5 

 6 
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Figure 6: The effect of cleaning method on the friction of steel-steel contact lubricated by 1 

1mM octadecanol solution 2 

 3 
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Figure 7: The effect of additive concentration on the friction of toluene-cleaned steel-steel 1 

contact lubricated by stearic acid solution. 2 

   3 

Figure 8: The effect of additive concentration on the friction of oxygen plasma cleaned steel-4 

steel contact lubricated by stearic acid solution. 5 
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Figure 9: The relationship between the roughness of the wear track and the steady state 1 

friction coefficient obtained from OFM solutions, (a) excluding and (b) including data from 2 

octadecanol. The red dashed line shows the roughness of the disc outside of the contact area. 3 
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 2 

Figure 10: Summary of the friction at the 1st and 97th rotation of different samples 3 
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Figure Captions: 1 

Figure 1: Chemical structures of stearic acid, octadeylamine and octadecanol. 2 

Figure 2: Schematic of the five-layer model used to estimate the thickness of the 3 

contamination layer by spectroscopic ellipsometry. 4 

Figure 3: Topographical images of steel disks that have been subjected to, (a) no cleaning (b) 5 

acetone cleaning, (c) toluene acetone cleaning, (d) toluene cleaning, (e) argon plasma 6 

cleaning and (f) oxygen plasma cleaning. 7 

Figure 4: The effect of cleaning method on the friction of steel-steel contact lubricated by 1 8 

mM stearic acid solution. 9 

Figure 5: The effect of cleaning method on the friction of steel-steel contact lubricated by 10 

1mM octadecylamine solution. 11 

Figure 6: The effect of cleaning method on the friction of steel-steel contact lubricated by 12 

1mM octadecanol solution  13 

Figure 7: The effect of additive concentration on the friction of toluene-cleaned steel-steel 14 

contact lubricated by stearic acid solution.  15 

Figure 8: The effect of additive concentration on the friction of oxygen plasma cleaned steel-16 

steel contact lubricated by stearic acid solution.  17 

Figure 9: The relationship between the roughness of the wear track and the steady state 18 

friction coefficient obtained from OFM solutions, (a) excluding and (b) including data from 19 

octadecanol. The red dashed line shows the roughness of the disc outside of the contact area.  20 

Figure 10: Summary of the friction at the 1st and 97th rotation of different samples   21 
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Table Titles: 23 

Table 1: Summary of the different cleaning methods studied.   24 

Table 2: Thickness measurements of the contamination on the surface after different cleaning 25 

methods. 26 
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Supplementary Information 2 

SI 1: The thicknesses of the layers on the steel disk measured through fitting of the 3 

spectroscopic ellipsometry data.   4 

SI 2: Representative white light interferometry images of the wear tracks on steel disks. 5 
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