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A range of metal carboxylate friction modifier additives has been synthesised and their film-forming properties studied using ultrathin film interferometry.  It has been found that some of these additives form thick boundary films while others do not.  The differences in behaviour are ascribed to the differing electronegativities of the metals in the additives studied.  
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1.
INTRODUCTION

Soluble metal carboxylates are used as additives to reduce friction in boundary lubrication conditions.  However relatively little is known about the nature and properties of the boundary films formed by these additives and thus the way that they reduce friction. 

 In a recent study by the authors, ultrathin film interferometry was employed to investigate the film-forming properties of a copper carboxylate [1].  It was found that this additive in solution in mineral oil formed a boundary film up to 50 nm thick in rolling and rolling/sliding conditions.  This film developed over time in slow speed, thin film conditions and its rate of formation was faster at higher temperature.  In high speed, full film, elastrohydrodynamic (EHD) lubrication conditions, the film was removed from the surfaces, but reformed when the speed and thus the EHD film thickness was reduced once more.  It was also shown that this film formation produced a considerable reduction in friction coefficient in sliding/rolling conditions in the boundary and mixed lubrication regimes.  

In the current study, the origins of the film-forming behaviour of metal carboxylate friction modifier additives have been investigated further.  

2.
BACKGROUND

Over the years there has been considerable debate about the mechanism of action and the nature of films formed by metal salts of carboxylic acids and other, similar, friction modifiers [2].  The current study is based on the observation by the authors that boundary film formation depends strongly on metal type. As shown in figure 1, solutions of commercial copper oleate additive form much thicker boundary films than those of commercial zinc oleate additive  
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Fig, 1 
Comparison of film-forming properties of 0.1% wt. solutions of two commercial metal oleates in SN100.

In the current paper, the hypothesis is tested that this difference in behaviour arises because copper is less electronegative than iron, whereas zinc is more electronegative.  Thus copper oleate reacts with rubbed iron surface to form iron oleate that is insoluble in the mineral oil and so forms a thick boundary lubricating film, while zinc, being more electronegative than iron, shows no such reaction.  Insoluble iron carboxylates formed by the reaction of rubbed steel with carboxylic acids have already been shown to form thick boundary films [3].  
3.
MATERIALS USED

The main lubricant base fluid used in the current study was a group 1, SN100 mineral oil.  Table 1 lists its kinematic viscosity at the temperatures studied.  

In order to compare the performance of friction modifier additives in a more polar solvent, some tests were also carried out in an ester, diethyl adipate (DEA).  This had viscosity 3.06 mm2s-1 at the test temperature of 25°C and was purified by passing it through a column of activated alumina and silica gel just prior to use.  

	Table 1. Viscosity of mineral oil used



	
	Kinematic viscosity/ mm2s-1

25 °C             60 °C           100 °C

	Mineral oil, SN100
	37.8               10.5               4.1


A series of metal oleate additives were synthesised and purified.  The synthesis were made by mixing equimolar, aqueous solutions of sodium oleate and inorganic soluble salts of the desired metal.  The resultant metal oleate precipitates were then filtered, washed several times with distilled water and dried in a dessicator.  Infrared spectroscopy was carried out to check the composition and purity of the products.

Table 2 lists the compounds prepared, as well as the two commercial samples studied, and indicates their solubility in SN100 mineral oil.   All additives were tested at 0.1% wt. concentration in base fluid, with no other additives present.

4.
TEST METHOD

Film thicknesses were measured using ultrathin film interferometry [4].  The test rig used is shown in figure 2. A steel ball is loaded and rotated against the flat surface of a glass disc.  Both ball and disc can be independently driven, but in the work described here, the disc was rotated and drove the ball in nominally pure rolling.  The ball was half immersed in test lubricant, which was held in a temperature-controlled reservoir. 

The studies described here employed commercial, 19 mm diameter, AISI 52100 steel balls of root mean square surface roughness 11 nm. The load was 20 N, which produces a maximum contact pressure of 0.52 GPa.  A new steel ball was used for each test and the ball, disc and test chamber were thoroughly rinsed using toluene followed by Analar isopropanol prior to a test.
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Fig. 2  Test apparatus

	Table 2.  Metal oleates prepared and studied



	Salt
	Formula 
	Mol. 

Wt.
	Appearance

Pure
	Appearance 

Commercial 
	Soluble in SN100

	Aluminium(III)
	Al(C18H33O2)3
	870
	White solid
	
	Yes

	Calcium(II)
	Ca(C18H33O2)2
	602
	White waxy crystals
	
	Yes

	Copper(II)
	Cu(C18H33O2)2
	626
	Deep blue, chalky solid
	Green blue, waxy solid 
	Yes

	Iron(II)
	Fe(C18H33O2)2
	618
	Light green solid
	
	No

	Iron(III)
	Fe(C18H33O2)3
	899
	Brown-reddish fatty lumps
	
	Yes

	Lead(II)
	Pb(C18H33O2)2
	769
	White waxy solid
	
	Yes

	Lithium(I)
	Li(C18H33O2)
	288
	White crystals
	
	No

	Magnesium(II)
	Mg(C18H33O2)2
	586
	White solid
	
	Yes

	Silver(I)
	Ag(C18H33O2)
	389
	White solid
	
	No

	Zinc(II)
	Zn(C18H33O2)2
	627
	White powder
	Cream, waxy solid
	Yes

	


5.
RESULTS

5.1
Metals above iron in the electrochemical series

Figures 3a to 3d shows film thickness results of 0.1% wt. solutions of pure calcium, magnesium, aluminium and zinc oleates in SN100.  It can be seen that none of these metal oleates showed significant boundary film-forming ability at any of the three test temperatures.  All gave film thickness behaviour very similar to the additive-free base oil. 
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Fig. 3  Film formation by four 0.1% wt. metal oleate solutions in SN100.  (a) pure calcium oleate  (b) pure magnesium oleate (c) pure aluminium oleate, (d) pure zinc oleate

Film thickness measurements were also carried out on two other zinc oleate samples.  One was the commercial zinc oleate already shown in figure 1b.  Since infrared analysis showed that this sample contained small amounts of free oleic acid, a solution of pure zinc oleate with a low concentration (0.05 wt.%) of oleic acid was also tested, as shown in figure 4.  In both cases, a thin boundary film was seen, probably due to the adsorption/reaction of oleic acid on the metal surface.  
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Fig. 4   Comparison of film formation by 0.1% wt. pure zinc oleate and pure zinc oleate + 0.05% wt. oleic acid in SN100 
5.2
Metals below iron in the electrochemical series

Figure 5 shows film thickness results for a 0.1% wt. solution of pure copper oleate solution.  It can be seen that no significant boundary film is formed.  However it was known that commercial copper oleate forms thick boundary film formation (figure 1a).  To investigate this discrepancy further, tests were carried out on two further copper oleate samples.  In one, the salt was aged by storing the solid sample at room temperature in an open glass beaker for two weeks.  Infrared spectroscopy showed that both this aged sample and the commercial sample contained small quantities of free oleic acid.  Therefore a solution was also prepared in which a small amount (0.05 wt.%) of pure oleic acid was added to 0.1% pure copper oleate solution.  The film thickness behaviour of these solutions are shown in figures 6 and 7 respectively.  
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Fig. 5   Film formation by 0.1% wt. solutions of pure copper oleate in SN100
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Fig. 6   Film formation by 0.1% wt. aged copper oleate solution in SN100
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Fig. 7   Film formation by 0.1% wt. pure copper oleate with 0.05% wt. oleic acid solution in SN100
The ability of the commercial copper oleate to form thick films in a polar oil was tested by using DEA as a base fluid.  No thick boundary film formation was observed (figure 8).
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Fig. 8   Film formation by 0.1% wt. commercial copper oleate in DEA

Like the pure copper salt, pure lead oleate showed little boundary film formation (figure 9a).  However, when 0.05% wt. oleic acid was added, a significant boundary film was measured, as shown in figure 9b. 
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Fig. 9   Film formation by 0.1% wt. pure Pb oleate in SN100 (a) alone, (b) with 0.05% wt. oleic acid
5.3
Iron oleates
In order to identify which species of iron oleate might form boundary films, both iron(II) and iron(III) oleate were synthesised.  Iron(III) oleate was synthesised and purified easily but the iron(II) oleate could not be isolated because it was very rapidly oxidised in air (table 3).

Iron(II) oleate was insoluble in mineral oil but iron(III) oleate was quite soluble in both base oils (more soluble in SN100 than in DEA) and its film thickness behaviour in SN100 is shown in figure 10.  No significant boundary film-forming ability was detected for iron(III) oleate in either SN100 or DEA solutions.  
	Table 3.  Comparison of iron(II) and iron(III) oleate



	Iron(II) oleate
	Iron(III) oleate

	-light green solid

-soluble in water and vegetable oils

-insoluble in non-polar oils

-chemically unstable (forms Fe(III)

 oleate in presence of oxidising

 agents such as O2, H2O)
	-reddish-brown solid

-insoluble in water

-slightly soluble in 

 oils

-chemically stable
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Fig. 10   Film formation by 0.1% wt. pure iron(III) oleate in SN100 

6.
DISCUSSION

In the current study, it has been found that pure, freshly synthesised metal oleates (Ca(II), Mg(II), Al(III), Zn(II), Fe(III), Pb(II) and Cu(II)) show very little boundary film formation.  However, metal carboxylates which lie below iron in the electrochemical series (Cu, Pb) rapidly form thick boundary films in the presence of trace impurities of free carboxylic acids, either deliberately added or produced over time by hydrolysis of the pure compounds by water vapour.  Metal carboxylates above iron in the electrochemical series do not form thick boundary films.  The study has also shown that iron(II) oleate is relatively insoluble in mineral oil although iron(III) oleate is soluble.

It is thus believed that metal carboxylates can form thick boundary films by a redox process in which iron in the rubbed track reacts with metal carboxylate to form the free metal and a surface deposit of insoluble iron(II) carboxylate, i.e., for a divalent metal  

Fe(0) + M(II)oleate (soluble) = Fe(II)oleate (insoluble) + M(0)

This process is catalysed by the presence of free oleic acid, which exists naturally in all samples which have been exposed to moist air.  The subsequent loss of this boundary film at high speeds, and its slow reformation when the speed and thus the film thickness is subsequently reduced probably results from oxidation of the iron(II) oleate to iron(III) oleate and its consequent dissolution.   This suggests that the redox reaction is stimulated by thin film rubbing contact and ceases in thick fluid film conditions.

The fact that no thick boundary films were observed with the ester DEA is probably because both iron(II) and iron(III) oleates are soluble in this fluid.  It is interesting to note that in previous work, copper carboxylate formed boundary films more readily in the highly non-polar hexadecane than in slightly polar mineral oil [1].

To validate this redox hypothesis, x-ray photoelectron spectroscopy (XPS) was used.  A steel ball and disc were rubbed for one hour at 100°C in 0.1% wt. copper(II) oleate solution in an HFRR friction tester [5].  The disc was then wiped dry and tested in the XPS with the result shown in figure 11.  The peak at 932.67 eV is characteristic of  Cu(0) metal [6].
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Fig. 11   XPS of steel sample rubbed in 0.1% wt. copper(II) oleate at 100°C

Figure 12 shows an XPS spectrum taken from a test in which the same type of steel disc was agitated for one hour in copper(II) oleate solution at 100°C but without rubbing.  There is a small peak at 933.8 eV, indicative of Cu(II), but no evidence of Cu(0)
It must be emphasised that this type of redox process is not the only one by which surfactant species can form thick boundary films.  It has also been shown that some long chain carboxylic acids themselves can form quite thick boundary films over time, but only in the presence of water [3].  These films arise from irregular, patchy deposits on the solid surfaces and, based on the current work, almost certainly represent the formation of insoluble iron(II) carboxylate.  However the use of a carboxylate salt of a metal below iron in the electrochemical series appears to provide a much faster and more reliable way of forming thick, boundary lubricating films.
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Fig. 12   XPS of steel sample immersed but not rubbed in 0.1% wt. copper(II) oleate at 100°C

7.
CONCLUSIONS

The boundary film-forming properties of a series of metal oleate friction modifier additives have been investigated in a mineral oil and an ester using ultrathin film interferometry.  

The results obtained lend support to the hypothesis that carboxylates of metals below iron in the electrochemical series can undergo a redox reaction with iron on the rubbing track to form iron carboxylate.  The reaction needs to be catalyzed by small amounts of free carboxylic acid present in aged and commercial metal oleates.  The redox process has been confirmed by XPS identification of reduced metal in rubbed tracks.

In the case of oleates, iron(II) oleate forms on the lubricated steel surface.  This oleate is insoluble in non-polar liquids such as mineral oil and thus forms a thick deposit on the rubbing track, which act as a boundary lubricating film.  However, in high speed, thick film EHD conditions, when  metal-metal contact no longer occurs, the insoluble boundary film soon oxidizes to form iron(III) oleate and then dissolves in the surrounding mineral oil. 

The work illustrates a new approach to the design of friction modifier additives.  It also indicates the importance of base fluid polarity in controlling boundary film formation.
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