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Abstract

The boundary lubricating properties of long chain carboxylic acid additives in solution have been studied using a combination of optical interferometry, friction measurement and electrochemistry.  This shows that thin, monolayer-scale films are formed under reducing conditions. These films are very effective at limiting friction and wear.  In oxidising conditions much thicker films formed, which reduce friction in the mixed regime but not in true boundary lubrication
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1. 
Background

Long chain surfactants such as saturated and unsaturated carboxylic acids and their salts have been used as friction-reducing additives in lubricating oils for almost a century (1)(2).  Throughout this period much research has taken place to study their mechanism of action.  In the 1920s, it was shown that single, deposited monolayers of surfactants could reduce friction down to the levels produced by these additives in solution in mineral oil (3).  It was also found that, for oiliness additive solutions to be effective in reducing friction, the length of the surfactant chain needed to be least twelve carbon atoms, suggesting that vertically-oriented chains might be an important component in surface separation (4).

The above work and subsequent similar research (5)(6) led to the general acceptance of the “thin film” model of oiliness additive behaviour, which hypothesises that oiliness molecules function by forming monolayers on rubbing metal surfaces.  The shear stress and thus friction of the contact is then considered to be established by the strength of the weak van der Waal force interactions between opposing hydrocarbon chains at the interface of the two, opposing, monolayer-covered surfaces.  

Notwithstanding the persuasiveness of the above, there has also been considerable research which has indicates that oiliness additives may, under some circumstances, form surface films which are much thicker than monolayers.  In the 1920s, x-ray diffraction indicated that fatty acid solutions gave ordered films many monolayers thick on metal surfaces (7).  Measurement of the squeeze of lubricant from between two very flat surfaces and the blow-off of oil droplets from solid surfaces also demonstrated that oiliness additives may form thick surface films of much higher viscosity than the bulk solution (8)(9).  The thin versus thick film controversy was comprehensively discussed by Allen and Drauglis in the late 1960s, who concluded that, on balance, films of the order of 30 to 70 nm thick, (i.e. much more than the 2 nm thickness of a single, vertically-oriented monolayer), were the most likely possibility (10).

In recent years it has become possible contacts using ultrathin film interferometry to measure the thickness and some of the properties of very thin lubricant films directly within high-pressure conditions (11).  The authors have studied the film thickness formed by oiliness additives and have showed that long chain fatty acids can form either monolayer-scale or thicker films, depending upon the presence or absence of traces of water in the lubricant (12).  Thus the extent of film formation may depend upon the type of adsorption/reaction process taking place between the oiliness additive and the metal at the surface, with chemical reaction and partial dissolution promoting thicker films.

In normal circumstances it is quite difficult to control the reactions that take place at surfaces in rubbing, lubricated, metal systems and thus study how they control friction.  The conventional approach is to vary the concentrations of the main reacting species such as additive, water, and, ideally, oxygen, together with the temperature, and observe the effect on friction and surface film composition and properties.  

In the current paper another approach is employed.  This uses non-aqueous electrochemical techniques to establish the potential of the rubbing surfaces with respect to the lubricant.  This provides a simple way of controlling the surface reactions that take place without changing the overall conditions, and thus help identify what actually at the uncontrolled “rest potential” of normal rubbing systems.  One limitation of the electrochemical approach is that, at present it cannot be used in highly non-polar solvents such as mineral oils, since these are electrically non-conducting and will not dissolve conventional supporting electrolytes to enhance conductivity.  In the current study therefore, relatively polar ester lubricants were employed for electrochemical work.

The results presented in this paper are essentially in two stages.  The first outlines some of the main findings of recent film thickness measurements on carboxylic acid solutions in a hydrocarbon medium; tests necessarily carried out without external potential control.  It then describes both film thickness and friction measurements made under potential control using carboxylic acid solutions in an ester-type base fluid.  The two sets of results are then compared and discussed.

2. 
Test Techniques

Potential Control

It is important to note that, in the electrochemical part of this study, the potential of the rubbing surfaces was controlled with respect to the test solution.  This was achieved by making the two rubbing surfaces the working electrode and using a separate, chemically-inert, counter electrode immersed in the test solution. Also immersed in the test solution, and located as close as possible to the rubbing surfaces, was a reference electrode, which established the potential of the test fluid with respect to the test electrode.  This classical electrochemical approach sets a known potential difference between the rubbing solid surface and the liquid so that electrochemically-driven processes can be studied in a well-defined fashion.  It is quite different from the alternative, often used in tribological studies, of simply imposing a potential difference across the rubbing contact.  The principles are fully discussed in (13). To ensure that the working electrode/lubricant interface has a precisely known potential difference it is also necessary to raise the electrical conductivity of the test fluid above that normally present in lubricating oils so as to minimise the potential drop between working and reference electrode.  This was done by dissolving an ionic salt, or supporting electrolyte in the base fluid.  This electrolyte was selected to be chemically inert over the potential range of study and also to be relatively surface inactive.   

Sliding Friction Tests

Sliding friction tests were carried out using a high frequency reciprocating rig (HFRR).  In this, a 6.0 mm diameter steel ball is loaded and reciprocated against the flat face of a 10.0 mm diameter steel disc.  The disc is held in a bath containing test lubricant so that the contact between the ball and flat is fully immersed.  The bath has heaters and a control system so that the temperature can be set at a chosen value.  Friction between the ball and flat is monitored during reciprocation using a load cell attached to the lower specimen holder.

To enable electrochemical work, the ball and disc were linked electrically and insulated from the main body of the test apparatus using PTFE tape.  They were made the working electrode and a platinum plate and a silver wire, both of which were located very close to the disc, were employed as counter and reference electrode, respectively, as shown schematically in figures 1 and 2.  The equilibrium potential of the silver wire (Ag+/Ag) was measured as -0.188 V vs. S.C.E. (saturated claomel electrode) in the 0.01 M (Et)4NBF4 PC electrolyte solution.  

In the current work, tests were carried out at a stroke length of 1 mm and frequency 20 Hz.  The load was 2 N, corresponding to a maximum Hertz pressure of 0.51 GPa.  Both ball and disc ware of AISI 52100 steel and the composite surface roughess was 32 nm.
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Fig. 1    Schematic diagram of HFRR test rig
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Fig. 2   Electrode arrangement

Ultrathin Film Interferometry
Lubricant film thicknesses were measured using ultrathin film interferometry (11).  In this, a contact is formed between the flat surface of a glass disc and a steel ball. The glass disc has a thin coating of semi-reflecting chromium, on top of which is sputtered a layer of silica about 500 nm thick.  White light is shone into the contact and some is reflected from the chromium layer while some passes through both the spacer layer and any lubricant film present, before being reflected from the steel ball.  Since one beam has travelled further than the other, the two beams optically interfere upon recombination.  The spacer layer ensures that a path difference and thus interference occurs even if the lubricant film present is very thin.

The interfered light from a strip across the contact is dispersed in a spectrometer and analysed to determine the wavelength of maximum constructive interference, either in the central region of the contact or as a profile across the contact.  The lubricant film thickness is then calculated from the difference between the measured film thickness and the thickness of the silica spacer layer at the position of image capture.  

To carry out work under controlled electrochemical potential, the ball was connected electrically to a potentiostat through a spindle and made the working electrode.  Again, a platinum plate and a silver wire, both which were located at very close to the ball (less than 1 mm distance), were employed as counter and reference electrodes respectively.

A schematic diagram of the EHD rig including the electrochemical set-up is shown in figure 3.

The studies described here employed a 19 mm diameter, AISI 52100 steel balls of root mean square surface roughness 11 nm.  The load was 20 N, to give a maximum contact pressure of 0.52 GPa.   

In both HFRR and film thickness measurements, new steel test specimens were used for each test and the ball, disc and test chamber were thoroughly rinsed using toluene followed by Analar isopropanol or acetone prior to a test. All tests were carried out at 25°C ±1°C
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Fig. 3   Ultrathin film interfreometric set-up

3. 
Test Materials

For the first, non controlled-potential stage of this study, hexadecane was employed as base fluid.  This was purified by passing it through a column of activated alumina and silica gel just prior to use.  For the controlled-potential work, propylene carbonate (PC) was used.  This was selected as being reasonably representative of some synthetic esters while having quite high polarity.   It was left before use for at least one night with a molecular sieve, (BDH Chemical Ltd. Type 4A), to remove water.  (Another ester base fluid, diethyladipate was also studied but is not reported here.  Results were similar to those of PC and can be found in (15)).

The structures, viscosities and abbreviations used in this paper for the two base fluids are listed in table 1.

	Base Fluid
	Formula
	Kinematic viscosity 25oC    (cSt)

	Hexadecane (HD)
	                       CH3-(CH2)14-CH3
	3.69

	Propylene carbonate   (PC)
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	2.00


Table 1.  Base fluids used in study

In order to raise the electrical conductivity of the propylene carbonate to the required value of 0.03 Sm-1, so that potential could be controlled in film thickness and friction tests, a supporting electrolyte was employed.  This was tetraethylammonium tetrafluoroborate ((Et)4NBF4) and was used at 0.01M concentration.

The carboxylic acid additives studied in this work were octanoic, dodecanoic, hexadecanoic, octadecanoic and eicosanoic acids.  These were all 99.9%+ purity grade and were used as received.

4. 
Film Thickness Results for Hexadecane Solutions

These results have been previously reported in (12) or (14) and further details can be found in these references.

Figure 4 shows a plot of log(film thickness) versus log(entrainment speed) for purified hexadecane measured using optical interferometry.  A straight line is produced in accord with the classical elastohydrodynamic (EHD) theory (16).  This linearity is maintained down to 1 nm film thickness, indicating the absence of any boundary film down to this level.  

Figure 5 shows a similar plot for dry, 0.1% wt. octadecanoic acid solution.  It can be seen that this solution gives a thin boundary film of approximately 2 nm.  At the end of each test, the film thickness was measured in the stationary contact.  This was found to be less than 1 nm, showing that these, very thin boundary films could not withstand static contact conditions.  Figure 6 shows a similar plot for eicosanoic acid solution.
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Fig. 4   Film formation by purified hexadecane
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     Fig. 5
Film formation by dry 0.1% wt. octadecanoic acid

              
solution in hexadecane
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     Fig. 6 
Film formation by dry 0.1% wt. eicosanoic acid

              
solution in hexadecane

Figure 7 shows film thickness results for wet 0.1% wt. octadecanoic acid solution.  To prepare this, a small quantity of distilled water (< 500 ppm) was mixed ultrasonically with the solution prior to use.  It can be seen that a thicker film is formed at slow speeds than for the dry solution.  This film appears to be speed-dependent at very slow speeds and rises to about 8 to 12 nm thickness before levelling out towards the pure hexadecane behaviour.  Upon reducing the rolling speed, the film was initially absent, but gradually reformed as the speed was reduced.  Upon halting motion, some of the thick film, usually approximately 2 to 4 nm, continued to separate the surfaces in the stationary contact.  This type of behaviour was seen on several repeated tests and also with eicosanoic acid.   
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     Fig. 7 
Film formation by wet 0.1% wt octadecanoic acid

              solution in hexadecane

Figure 8 shows results for initially dry, 0.1% wt. hexadecanoic acid solution, tested immediately and then after leaving the test solution in the apparatus for one hour.   
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    Fig. 8 
Influence of fluid time in test rig on film formation for 0.1% wt. hexadecanoic acid in hexadecane

It can be seen that the boundary film increases with time from an initial 2 nm to 7 to 10 nm thickness.  After prolonged exposure to air or water, the hexadecanoic acid boundary film grew to reach over 20 nm.

A test was also carried out using wet, additive-free hexadecane.  This is shown in figure 9.  A 3 nm thick boundary film was formed.  Upon halting the test rig, about 2 nm of this remained in the contact.  This film is believed to represent the formation of an iron oxide film due to corrosion of the ball by the water present.
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Fig. 9    Influence of water on film formation by hexadecane

5. 
Film Thickness Results under Potential Control

The film-forming properties of propylene carbonate (PC) with and without dissolved hexadecanoic acid were tested at three potentials, the rest potential of –0.1V, a reducing potential of –0.8V and an oxidising potential of + 0.8V (all relative to S.C.E.).  The rest potential is the potential that should be present in the absence of external potential control.  In each  test,  the fluid was purged with dry nitrogen prior to testing.

Figure 10 compares film thicknesses measured using optical interferometry for pure PC and a 0.1% wt. hexadecanoic acid in PC at the rest potential.  The hexadecanoic acid solution produces a boundary film of about 2 to 3 nm, as it did in hexadecane.  

Figure 11 shows film-forming ability at –0.8V.  Also shown in this figure, as a continuous line, is the film-forming behaviour of the hexadecanoic acid solution at rest potential.  

The effect of the –0.8V potential appears to be to reduce film thickness by about 5 nm.  The origins of this surprising result are not clear; there may be a change in reflectivity of the steel ball surface due to reduction of metal oxide and consequent change in its optical properties.  Alternatively, there may be a spacer layer dimensional change from chemical reduction of water bound in the outer surface of the silica, or, possibly, a change in the proportions of base oil and supporting electrolyte and thus viscosity in the immediate contact inlet due to the applied potential.  The effect clearly does not originate from the hexadecanoic acid since it occurs even with the acid-free fluid.  In figure 11, the hexadecanoic acid may be producing a slightly thicker film than the acid-free solution, but this is not definite.
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     Fig. 10
Influence of rest potential on film formation for 


0.01M (Et)4NBF4 PC solution with and without 


0.1% wt. hexadecanoic acid
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    Fig. 11
Influence of –0.8 V on film formation for 0.01M (Et)4NBF4 PC solution with and without 0.1% wt. hexadecanoic acid

Figure 12 shows the influence of a +0.8V applied potential.  Here the acid-free solution forms a quite thick boundary film of about 10 nm, probably of iron oxide.   The hexadecanoic acid solution produces a considerably thicker one, of 20 nm thickness.  It is noteworthy that this film is present even at high entrainment speeds and thus EHD film thicknesses, unlike the hexadecane solutions.

6. 
Friction Results under Potential Control

Tests were also carried out under potential control on a range of 0.05% wt. carboxylic acid solutions using the HFRR apparatus.  In each  test,  the fluid was purged with dry nitrogen prior to testing. Tests were run for 30 minutes while monitoring friction and the root mean square friction coefficient value was then determined for the whole period.  At the end of each test, the mean wear scar on the ball, taken as the average of the scar width parallel and perpendicular to the rubbing direction, was measured.
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  Fig. 12
Influence of rest potential on film formation for 0.01M (Et)4NBF4 PC solution with and without 0.1% wt. hexadecanoic acid

Figure 13 compares the effect of applied electrode potential on friction for additive-free propylene carbonate with a series of 0.05% wt. carboxylic acid solutions.  It can be seen the carboxylic acids produce a very low friction coefficient at strongly-reducing potentials which then rises as applied potential is increased, to approach the friction value given by the carboxylic acid-free fluid.  (Similar results were observed for diethyl adipate (15)).  It is also clear that the longer chain acids are more effective at reducing friction than the shorter chains, and that octanoic acid is relatively ineffective. 
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   Fig. 13  
Influence of electrode potential on HFRR friction 


for a range of 0.05% wt. carboxylic acid solutions in 0.01M (Et)4NBF4 PC
Figure 14 charts the corresponding wear measurements and shows a quite similar pattern to the friction response  At highly oxidising potentials, the carboxylic acids give higher wear than the carboxylic acid-free fluid, while long chain acids give higher wear than shorter chains ones under these conditions.
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  Fig. 14  
Influence of electrode potential on HFRR wear for a range of 0.05% wt. carboxylic acid solutions in for 0.01M (Et)4NBF4 PC
7. 
Discussion

This discussion first considers what the controlled-potential work reveals about the nature of the boundary films formed and their lubricating properties.  It then uses this to help interpret the behaviour of hexadecane solutions. 

One of the most interesting findings of this work is that long chain carboxylic acids are very effective at reducing friction at a reducing potentials, as shown in figure 13.  Parallel electrochemical work including cyclic voltammetry and impedance spectroscopy, indicted that, under these conditions, (i) the surfaces are probably a mixture of iron and iron(II) oxide and (ii) there is an capacitative film of order 5 nm on the surfaces (13).  It thus appears that adsorbed monolayers form on steel surfaces under reducing conditions and are able to greatly reduce friction.  It was not, of course, possible to test the hexadecane solution at reducing potentials.

At oxidising potentials, optical measurements show that there is oxidation of the steel ball surface even in the absence of carboxylic acid, to form a separating film in rolling contact film of about 10 nm thickness (figure 12).  This was also evident from parallel voltammetric and impedance measurements.  By coupling chronoamperometry, to monitor the charge passed, with analysis of the iron in solution using inductive plasma emission spectroscopy, it was shown that the material formed is mainly iron(III) (15).  The film formed contributes to a boundary film in rolling contact, but, as shown in figure 12, is lost at high speeds and film thicknesses.  Similar behaviour has been seen with colloids (17) and suggests that the solid-like oxide material is weakly held and is dislodged during high speed rolling when the EHD film thickness exceeds the boundary film thickness.  

The presence of long chain carboxylic acid enhances the boundary film thickness formed in rolling contact.  This film is not lost in high speed conditions, which may simply reflect a rapid rate of formation: parallel electrochemical measurements indicated more rapid oxidation that in the absence of the surfactant.  This film probably represents partially soluble iron(II) and iron(III) hexadecanoate.  Interestingly, figure 13 shows that this film does not significantly reduce sliding friction in HFRR conditions, since high friction was measured at oxidising potentials.  At first sight this is surprising, since thick boundary films formed by copper(II) carboxylates have been found to reduce friction (18).  However the latter was observed in mixed boundary/EHD lubrication conditions and also in mixed sliding/rolling, where film generation is based on entrainment.  It may thus be possible that the thick iron carboxylate forms a viscous near-surface layer, able to produce an enhanced EHD film in rolling/sliding but unable to provide a coherent protective film in non-entraining, boundary conditions.  

To investigate this further, the variation of friction coefficient during the reciprocating cycle in HFRR tests was examined.  Typical, single cycle traces at the rest potential and at +1.5 V are shown in figure 15a and 15b, for the acid-free and the hexadecanoic acid-containing solution respectively.  For the acid-free solution, the traces at the two potentials are quite similar.  
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   Fig. 15  
Variation of friction coefficient over a single reciprocating cycle for for 0.01M (Et)4NBF4 PC and a solution of 0.05% wt. nexadecanoic acid.

There is an initial friction rise as the reciprocating motion reverses and the film thickness falls to a very low value.  Then, during the stroke, friction falls as a thin EHD film forms, before rising again at the end of the stroke.  Then the motion reverses so the same pattern is seen but with friction force of opposite sign.  An EHD film thickness calculation suggests that the film thickness reaches a maximum of about 12 nm at mid stoke, i.e. the contact is in the mixed lubrication regime. 

Figure 15b shows the case for an hexadecanoic acid solution.  At rest potential the friction is low across the whole cycle, showing that the additive is effective in boundary lubrication.  However at the oxidising potential, friction is actually higher at stroke reversal, but lower at mid stroke than for the acid-free fluid.  The lower friction at mid stroke confirms that the thick boundary, reaction film is being entrained and is effective at reducing friction in mixed lubrication.  However, this is overwhelmed by the considerably higher boundary friction which is present during reversal.

From figure 14, it can be seen that influence of applied potential on wear mirrors its effect on friction.  This indicated that the boundary film at negative potential is as effective at reducing wear as at reducing friction.  The very high wear at positive potential almost certainly represents severe corrosive wear and is consistent with the other electrochemical findings.

An interesting feature of figures 13 and 14 is that the transition from low friction, monolayer-type protection to high friction, thick film build-up appears to occur just above the rest potential.  This suggests that any increase in chemical potential, for example from the presence of oxidants, may result in a disproportionate change in film formation and friction. 

The results for the hexadecane system can now be interpreted in the light of the above.  

From figure 3 it was found that the wet hexadecane without dissolved fatty acid forms a thin boundary film.  This is consistent with the PC tests, which indicated that an electrochemically-formed oxide was able to provide a boundary film at slow speeds, as shown in figure 12.  The results for the solutions of carboxylic acid in hexadecane are also quite consistent with those of propylene carbonate.  In the dry solution without an externally applied potential, a very thin film is formed, corresponding to just one or two monolayers of surfactant.  The PC results suggest that this should have very low boundary friction.  

In the presence of water, which promotes a chemical redox reaction between steel and oxygen in the air, a thick film is formed which appears to be quite similar to that produced  with PC solutions at oxidising potentials.  This film contributes to mixed film friction but, at least in the PC case, gives high boundary friction.

If these results are compared with previous work on carboxylic acids as described by Bowden and Tabor (6), two important differences emerges.  These authors stress the importance of the carboxylic acid forming chemical bond with the metal to give low friction and show how friction is high with unreactive metals but low with metals which react with carboxylic acids.  In the current study, however, it is found that the carboxylic acids give low friction under reducing conditions, when the additive is least likely to react with the metal or metal oxide surface.  Moreover, when reaction does take place, at oxidising potentials, the result is high friction.  This may be because the iron carboxylates formed are more soluble in propylene carbonate than in hexadecane (or Bowden and Tabor’s paraffin oil) and so are rapidly lost from the surface and unable to form a cohesive protective film.   

8. 
Conclusions

The friction and film-forming properties of long chain, carboxylic acid, oiliness additives have been investigated in two, complementary studies.  One has looked at the boundary film-forming properties of the additives in hexadecane solution. The second has studied their behaviour of long chain carboxylic acids in propylene carbonate solution.  In the latter it was possible to conduct electrochemical investigations and thus control the reactions taking place at the surface independent of the operating conditions.

By using an applied potential it has been shown that long chain carboxylic acids form monolayer-scale boundary films under reducing potential conditions.  These give very low friction and also low wear. Under oxidising potential conditions, however, the carboxylic acid forms a thick boundary film of iron carboxylate which is 10 to 20 nm thick. This film reduces friction in high speed, mixed lubrication conditions but is ineffective in boundary lubricating conditions.  It is believed to be an iron carboxylate precipitate.  The rest potential condition lies in the thin film-forming zone, but close to the onset of oxidative, thick film formation.

Study of solutions of long chain carboxylic acid solutions in hexadecane show that thin, monolayer-scale boundary films are formed in dry test conditions. However the introduction of water to the system produces a thick boundary film, comparable to that found under oxidising conditions in the propylene carbonate.

Thus the thin versus thick boundary film debate, which has concerned lubricant chemists for many years, may simply have resulted from the fact that the steel/carboxylic acid/air chemical system lies very close to a reaction borderline.  Then minor variation in water content may result either in adsorption to form thin boundary films or, alternatively, in bulk reaction to form a poorly soluble, carboxylate salt and thus a thick film. 
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