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Abstract The article peruses the frictional response of an

important metal working lubricant additive, sodium oleate.

Frictional force microscopy is used to track the response of

molecules self-assembled on a steel substrate of 3–4 nm

roughness at 0% relative humidity. The friction-normal

load characteristic emerges as bell-shaped, where the peak

friction and normal load at peak friction are both sensitive

to substrate roughness. The frictional response at loads

lower than that associated with the peak friction is path

reversible while at higher loads the loading and unloading

paths are different. We suggest that a new low-friction

interface material is created when the normal loads are

high.
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1 Introduction

Tribology of self-assembled organic monolayers have been

studied extensively using lateral force microscopy [1–12],

surface force apparatus [13–15], and molecular dynamics

simulation [16–19]. Such studies have been motivated by the

use of these monolayers as boundary lubricants in micro-

electromechanical systems (MEMS) [18], for machinery

components [20] and artificial human joints [21]. These

monolayers passivate reactive metal surfaces [22–24] and

provide good load bearing support [24]. Nanotribological

studies of these monolayers have usually been done when

they have been self-assembled monolayer (SAM) on func-

tionalized ultra-smooth mica or silicon surfaces. The work

reported here is motivated by the tribology of oil/water

emulsions, used for cutting and shaping iron-based engi-

neering components. The additives used in the emulsion

have many functionalities such as; emulsification, friction

modification and protection against oxidation and corrosion.

As the metal is cut, the additives embedded in the trapped

emulsion between the emerging chip and the rake face

provide protection to the tool. Sodium oleate is a well-known

cutting fluid additive of high hydrophilic-lipophilic balance

(HLB) value of 18 [25]. Here we study the friction of sodium

oleate self-assembled on an engineering steel surface, using

lateral force microcopy. When sodium oleate is added to the

oil as an emulsifier, the carboxylic group (–COONa) project

out of the oil droplet [25]. When the droplet comes to the

active contact zone it is likely to interact with the steel

surface. When oxidized steel surface is exposed to a solution

of sodium oleate (CH3(CH2)7CH = CH–(CH2)7COONa),

an iron-oleate complex is formed [26].

CH3(CH2)7CH ¼ CH� (CH2)7COONa þ FeOOH

! CH3(CH2)7CH ¼ CH� (CH2)7COOFeO þ NaOH

When counterface asperities slide on a monolayer

frictional resistance is experienced. Molecular dynamic

simulation studies of the sliding process have suggested

deformation modes of the molecules such as tilting and

gauche defect generation. While only a limited [27] direct

correlation has been attempted between mechanisms as

suggested by the simulation studies and the experimental

observations made in sliding of the SAM, such mechanisms

have been invoked frequently to rationalize experimental

observations. The latter suggests that with an increase in
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contact loading there is an increase in gauche defect

population [28, 29] as well as collective molecular tilt [5]

towards the substrate. It is possible that when the load is

sufficiently high the substrate comes to interact with a

substantial part of the molecular chains.

If this happens the chains may lie almost parallel to the

substrate with the normal load bearing upon the chain axis.

The chain and the substrate atoms in the process may come

close enough, to form chemical bonds between the

monolayer and the substrate. Bowden and Tabor [30]

showed that when a metal is dipped in a dilute solution of a

fatty acid, the fatty acid chemisorbs on the metal surface

and under sliding condition a metallic soap of the acid is

formed. The soap has lubricating property. The authors

show that when the solution concentration is sufficiently

high even relatively passive metals such as iron and alu-

minum react with the fatty acid to form the lubricating

soap.

In this article we explore the effect of load on the fric-

tion of sodium oleate SAM on steel. Self-assembly on an

iron surface gives rise to an iron-oleate complex, at the

head group level. The objective is to track the effect of

increasing load on friction and to observe whether

increasing the proximity of the chain to the substrate, by

increasing the load, triggers a phase change in the

monolayer.

2 Experimental

2.1 Materials and Sample Preparation

EN 31 steel is used as the substrate. Sodium oleate (Rolex

Laboratory Reagent, Bombay, India) was used as received.

n-hexane (99+%, anhydrous) (Sigma-Aldrich, USA) were

used as organic solvent. Deionized water, obtained by

processing of distilled water through millipore purification

(Milli-Q, USA) system, was used to hydrolyze the sub-

strate. Steel samples were polished mechanically

(sequentially with a 1–3 lm and a 0.25 lm diamond paste)

to obtain 3–4 nm rms (root mean square) roughness and

were then sonicated with acetone for 15 min to remove all

polishing debris. The polished samples were kept in air for

1 h to generate a natural oxide film on the substrate and

were then sonicated with millipore water for 30 min. The

substrates were flushed with a stream of dry nitrogen gas

and were preserved in desiccators. Before deposition of

SAM, samples were kept in ultraviolet (UV) cleaning

chamber (Bioforce nanosciences, US) for 30 min to burn

all carbonaceous contaminations, which block the adsorp-

tion sites. The steel samples prepared as above, were

immersed in a freshly prepared sodium oleate solution

(1 mM) for 20 h, taken out, rinsed and washed with

n-hexane (twice) followed by rinsing them with ethanol for

10 min to remove excess and physiadsorbed molecules.

2.2 FTIR Analysis

All spectra were taken by infrared reflection absorption

spectroscopy (IRRAS) (GX spectrometer, Perkin Elmer,

USA). The instrument is equipped with a liquid nitrogen

cooled mercury cadmium telluride (MCT) detector. All IR

spectra reported here are referenced to bare steel substrate

over 1024 optimized scans at 4 cm-1 resolution by using p-

polarized beam. The sample and detector chambers were

purged with nitrogen gas before starting the experiments

and at regular intervals. A heating accessory (Harrick sci-

entific corporation, New York, USA) was used for taking

the spectra with an incident angle of 75� from the surface

normal. The spectral analysis was carried out using spec-

trum 3.02 version software (Perkin-Elmer, USA).

2.3 Lateral Force Measurement

All AFM experiments were performed using an

‘‘EXPLORER’’ (Thermo Microscopes, Santa Barbara,

USA) with Si3N4 cantilevers (Thermo Microscope, CA,

USA) associated with a pyramidal tip of nominal radius of

50 nm. The cantilever normal stiffness was found using

thermal vibration technique, built into the software.

A V-shaped cantilever of stiffness 0.15 N/m was used in all

the experiments. All the tips were cleaned in an UV

chamber for 20 min before experiments. Lateral force

measurements were carried out in a 0% relative humidity

established in a custom-made air-tight chamber. Ultra pure

nitrogen gas, which contains 2 ppm water, was used to

purge the chamber and generate 0% relative humidity. The

experimental procedure comprised the tip approaching to

contact, decreasing the load to -8 nN and then recording

friction as the load is increased to a maximum of 35–40 nN.

The lateral force reported here [24], is the average of the

difference in forces recorded in the forward and reverse

scan. The lateral force was recorded using 400 9 400 nm2

scan area with different scan rates from 100 nm/s to

900 nm/s. The lateral force calibration method is reported

elsewhere [24].

2.4 Nanotribometer

Tribological experiments were carried out in the 25–

300 mN load range using a ball on disk tribometer

(Nanotribometer, CSM Instruments, Switzerland). The ball

used is of 100 Cr6 steel and has a diameter of 2 mm. The

steel ball was cleaned with acetone in an ultrasonic bath

prior to the experiment. Two sensing mirrors attached to

the cantilever head (which carries the ball at one end),
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perpendicular to each other (X and Z axis) measure dis-

placements of the cantilever during sliding. During sliding,

the friction coefficient is continuously calculated from

measuring the X and Z displacements of the cantilever. All

measurements were carried out under ambient conditions

(relative humidity: 35%, temperature: 296 K), and under

controlled relative humidity conditions at different sliding

speed.

3 Results and Discussion

Figure 1 shows the IR spectra of SAM of sodium oleate

adsorbed on a steel substrate of 3–4 nm rms (root mean

square) roughness. It shows absorption bands at 2,920 and

2,849 cm-1, which arises from antisymmetric (d-) and

symmetric (d+) methylene group stretching vibrations

respectively, an absorption band is seen at 1,466 cm-1. The

IR spectra of bulk sodium oleate [22, 23] show absorption

at 2,920 (d-), 2,850 (d+), 1,555 (COO– (asym)) and 1,440

(COO– (sym)) cm-1. So the absorption at 1,466 cm-1 can

be attributed to the presence of carboxylic (COO–) group.

For the monolayer there is a shift in the absorption band

of –COO– (sym) by 26 cm-1 from that of the bulk sample

in the direction of higher frequency. This shift indicates

the formation of new chemical species on steel [22, 23].

The intensity of absorption bands depends on the con-

centration and the orientation of molecules on the surface.

The absence of a band at 1,555 cm-1–COO– (asym)

indicates that the axis of the carboxyl group is anchored on

the steel surface and is directed near normal to the surface

[22, 23]. The packing density of the self-assembled

monolayer is indicated by the FWHM (full width at half

maxima). Here the FWHM for the methylene group is

found to be 18.5 cm-1, which indicates that a reasonably

closed packed monolayer has formed [31].

Figure 2 shows the friction of the SAM to increase

nonlinearly with load to reach a peak of about 8 nN at

17 nN normal load and then to decline with increasing load

to a value of about 4–5 nN when the normal load is in the

30–40 nN regime. When the SAM is unloaded from about

40 nN normal load the loading path is not retraced and an

almost linear unloading path, where the friction force is

almost linearly proportional to the normal load, is followed

through a low-friction regime. Taking this path to be linear

gives a coefficient of friction of about 0.08, a value cited by

Bowden and Tabor [30] for fatty soaps formed on metallic

substrates. Figure 3 shows the friction recording in a typ-

ical loading cycle to a peak load of 18 nN (peak friction).

Here the loading path is retraced on unloading. A normal

load of 17–18 nN thus appears to be the threshold load,

which marks the transition from where the friction path is

reversible to where it is irreversible.

Taking up the friction path; -8 nN to 35 nN followed by

35 nN to -8 nN first, the path may represent a large hys-

teriss loop. If that is so reloading the same scan area should

generate the bell-shaped path. Alternatively if a new inter-

face material is manufactured in the 17–35 nN loading

range, reloading the same scan area should retrace the low-

friction characteristic observed in the unloading path of the

first cycle. To clarify this we scanned the area slid in the first

cycle (0 to 35 to -8 nN) repeatedly using the same loading

cycle. The friction in the second and subsequent scans never

followed the original bell-shaped curve and remained

always at the low level, a level similar to that obtained in the

unloading part of the first cycle of loading. A small mag-

nitude of friction hysteresis was observed in these

‘subsequent’ loading cycles, Fig. 3b shows the friction

recording of a cyclic scan 2 (-8 to 35 nN) of the area which

has been cyclically scanned initially (scan 1) to a peak load
Fig. 1 FTIR spectra of sodium oleate on steel (roughness 3–4 nm

rms), deposition time = 20 h

Fig. 2 Friction force versus normal load of sodium oleate deposited

on steel (substrate roughness = 3–4 nm rms) obtained by lateral force

microscopy. Sliding speed = 200 nm/s. 0% Relative humidity (RH)

environment. Effect of loading (-8 nN to 40 nN) and unloading from

40 nN normal load on friction
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of 35 nN. We infer that a new interface material is gener-

ated, most probably by chemical interaction between the

SAM and the interface in the first cycle of loading to a peak

load of 35 nN. In subsequent scans of the same track we

record the friction of the new interface material. The bell-

shaped nature of the friction characteristic with respect to

load was also observed (Fig. 4) when the experiments were

conducted in a nanotribometer using a 2 mm steel ball

sliding on the SAM assembled on a steel substrate. The high

coefficient of friction (0.3–0.4) recorded in nanotribometer

test, compared to that observed in the LFM experiment is

very likely due to the fact that the rough (4–5 nm rms) steel

ball in the former experiments punctured the monolayer

especially at the edges of the contact, establishing solid–

solid contact. Unlike in the case of the LFM experiments, in

nanotribometer experiments broken lines, parallel to the

sliding direction, appeared at the edge of contact.

To put the results in a lubrication perspective we per-

formed LFM experiments on a clean (see Sect. 2.1) bare

steel surface at 30% relative humidity (RH). Figure 6

shows a zero load friction force of about 5 nN and near

linear, near reversible and monotonic changes in friction

force in the 0–50 nN normal load regime, registering a

friction coefficient of about 1.0. This friction coefficient is

high compared to what is achieved when the steel substrate

carries an oleate monolayer. In the later case coefficient of

friction of 0.3 is achieved in the 0–17 nN (normal load)

regime in the first loading cycle and 0.08 is achieved in all

subsequent load cycles (Fig. 3b).

Taking up next the friction path generated in the first

cycle in the -8 to 17 nN load range, we first note the

monotonic increase in friction force with increasing load

and the retracibility of the loading path on unloading. Such

characteristics have been reported [3, 4, 12, 13, 32] for a

variety of surfactants deposited on relatively passive sur-

faces such as silicon and mica. This behavior indicates that

loading to 17 nN has not brought about any permanent

change in the pristine monolayer, which recovers its original

physical and chemical states after cyclic loading. The fric-

tion force F may be written as F = s*A, where s* is the

interfacial shear strength and ‘A’ is the contact area. We

measured the pull-off force between the AFM tip (Si3N4, tip

radius & 30 nm) and the SAM at 30% relative humidity

and estimate the work of adhesion to be 10 mJ/m2. The

contact area ‘A’ using the JKR model (Johnson, Kendall and

Robert, [33]) is estimated to increase from 707 to 873 nm2

(the reduced modulus is 1.3 GPa [34]) due to an increase in

normal load from 0 to 17 nN. The corresponding increase in

s* is from 5 to 12 MPa. Thus the interfacial shear stress and

the contact area, both increase with increasing normal load

and contribute to the positive gradient of the friction force

with load, in the 0–17 nN range. Previous experimental [27,

29, 32] and simulation studies [17, 28] have suggested that

Fig. 3 (a) A typical friction force recording, loading to maximum

friction and unloading back to -8 nN load. Sliding veloc-

ity = 200 nm/s. 0% RH, Lateral force microscopy, Substrate

roughness = 3–4 nm rms. (b) Effect of Cyclic loading on friction

force (Normal load * -8 to 35 nN). Cycle 1 is sliding of pristine

monolayer; cycle 2 is sliding of scan area (track) generated in cycle 1

Fig. 4 Variation of coefficient of friction with normal load obtained

by nanotribometry. 2 mm diameter steel ball (roughness = 3–4 nm

rms) substrate stainless steel (roughness = 4–5 nm rms), sliding

speed = 5 mm/s, 0% RH

202 Tribol Lett (2008) 30:199–204

123



increasing the normal load enhances conformational chan-

ges in the self-assembled organic molecules. This leads to

the generation of greater avenues of energy dissipation.

There is a consequent increase in the friction force with

normal load. The conformational changes (except at very

high loads [29]) are reversible and lead to retracing of the

loading path on unloading. The positive gradient of the

friction path in the 0–17 nN load range may therefore be

attributed at least partially to reversible conformational

changes.

An observation which is repeatable and interesting, but

for which, we have no adequate explanation, is the effect of

substrate roughness on the friction of oleate SAM on steel.

Figures 5 and 6 show the effect of lowering substrate

roughness on the near cyclic friction path of sodium oleate

SAM. To do this experiment the steel surface was milled

by Focused Ion Beam (FIB) to generate a rms roughness of

1–2 nm. Figure 5 shows that the trend in friction (LFM)

with load for a smooth substrate is similar to that obtained

(Fig. 2) when the experiment was done on a rough surface.

Making the surface smoother lowers; (1) the level of fric-

tion force in the part of the cycle where this force has a

positive gradient, (2) the normal load at which the peak

friction occurs and (3) the friction forces recorded in the

unloading part of the cycle. FTIR spectra we have recorded

for SAMS deposited on substrates of different roughneses

show an increase in packing density but no change in the

conformational order, when the substrate is made

smoother. It is also known [35] that an increase in packing

density lowers friction in nanotribological experiments.

This may explain why in the first part of the loading cycle

where the friction has a positive gradient with load, the

oleate SAM on a smooth surface registers lower friction

than when it is deposited on a rough surface.

In the unloading part of the loading (maximum

load = 35 nN) cycle the SAM, we argue above, is trans-

formed to a low-friction film. The film is likely to smear the

substrate. The shear strength, s*, of this film should not

change with roughness. The real contact area ‘Ar’ of the film

when on a smooth surface is however higher than when it is

smeared on a rough surface [36]. The friction F = s*Ar

corresponding to the smooth substrate may thus be expected

to be higher than when the substrate is rough. This is contrary

to what we observe experimentally. We have no adequate

explanation at present for the roughness effect.

The results presented here suggests that when a pristine

SAM is slid, the frictional response upto a critical contact

pressure is due to physical changes (which is of course

reversible on unloading) in the molecular assembly. At

pressures greater than the critical pressure, the frictional

response is that of a new material. We suggest that this new

material is created when the molecules are brought into

close proximity of the steel substrate at high pressures and

slid under these pressures. Under this condition chemical

bonds may form between the molecular backbones and the

steel to generate this low-friction interface material. While

we have not yet charaterized this material, the character-

istic low order of observed friction suggests that it is a fatty

soap.

4 Conclusions

Friction force microscopy at 0% relative humidity of

sodium oleate self-assembled on steel revealed the exis-

tence of peak friction in a bell-shaped friction-load

characteristic. The frictional path with normal load up to

Fig. 5 Friction force versus normal load of sodium oleate deposited

on steel (substrate roughness = 1–2 nm rms) obtained by lateral force

microscopy. Sliding speed = 200 nm/s. 0% Relative humidity (RH)

environment. Effect of loading (-8 nN to 40 nN) and unloading from

40 nN normal load on friction

Fig. 6 Friction force of bare steel, substrate roughness = 3–4 nm

rms, 0% RH, Lateral force microscopy, sliding speed = 200 nm/s
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the peak friction load is retracable on unloading while that

at higher loads the frictional change is permanent. Based

on this we conclude that a new low-friction film is formed

when the SAM is slid under high load.
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