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Abstract

The influence of a series of Ethomeens (ethoxylated alkylamine organic friction modifiers) on the durability and friction
of tribofilms formed by a commercial blend of primary and secondary ZDDP in sliding/rolling contact has been studied.
When pre-formed ZDDP tribofilms are rubbed in Ethomeen solution, boundary friction is reduced and some of the ZDDP
film is removed. Ethomeens having just two ethoxy groups give lower boundary friction on ZDDP than those with 15 ethoxy
groups, but result in much greater removal of the tribofilm itself. Based on XANES analysis, the film removed by both types
of Ethomeen consists primarily of nanocrystalline orthophosphate. The level of boundary friction and its dependence on
sliding speed, coupled with the dimensions of the molecules, suggests that the Ethomeens with two ethoxy groups may form
quite closely packed vertical monolayers on ZDDP tribofilm surfaces, but that those with fifteen ethoxy groups cannot be
close packed; yet they still reduce boundary friction significantly. The study shows that selection of an appropriate aminic
friction modifier for use with ZDDP is a balance between its ability to reduce friction and its potentially harmful effect on

a ZDDP tribofilm.
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1 Introduction

Zinc dialkyl- and diaryldithiophosphates (ZDDP) are used as
antiwear and extreme pressure additives in almost all current
crankcase engine oils. They react in rubbing contacts to form
inorganic tribofilms consisting primarily of zinc orthophos-
phate and polyphosphate. When formed in macro-scale rub-
bing contact, these films are typically 30 to 150 nm thick
and have a characteristic pad-like structure, with an array
of pads of ca 2 to 6 pm diameter separated by deep valleys,
as illustrated in the AFM topography image in Fig. 1 which
shows a ZDDP tribofilm formed in this study.

Although very effective in preventing wear, ZDDP films
can result in an increase in friction and this can reduce
engine fuel economy [1, 2]. One way to address this prob-
lem is to combine the use of ZDDPs with suitable friction
modifier additives that reduce friction in thin-film condi-
tions. Previous work has shown that some currently used
friction modifiers can be effective in this fashion but that
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others are relatively ineffective [3]. It has also been found
that some friction modifiers, in particular primary amines,
while reducing boundary friction also severely damage
ZDDP tribofilms and in some cases destroy them entirely
[3].

This paper explores the impact of one widely used family
of commercial organic friction modifiers (OFMs) on ZDDP
tribofilms, both in terms of their ability to reduce friction
and their impact on tribofilm thickness. The OFMs studied,
the Ethomeens, are based on tertiary substituted amines and
are available in a range of different structures, enabling the
impact of molecular structure on behaviour to be explored
systematically.

2 Background

It is well known that the presence of ZDDP in engine oils
can lead to a reduction in engine fuel economy [1, 4] and
that this results from an increase in friction [2]. However,
the precise way that ZDDP increases friction is complex.
Initially, it was supposed that the sliding interface between
ZDDP tribofilms on opposing surfaces had high shear
strength and thus high boundary friction. Then in 1996 it
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Fig.1 AFM of typical ZDDP tribofilm from unidirectional MTM
rolling—sliding test

was shown that when ZDDP films were formed on rubbed
surfaces, a higher entrainment speed was required to sepa-
rate the surfaces and develop a hydrodynamic film [5]. This
means that the contact remained in boundary or mixed film
lubrication, with consequently high friction, up to higher
entrainment speeds than in the absence of a ZDDP film. Var-
ious reasons for this behaviour have been suggested but very
recently it has been shown that it arises primarily because
of the increase in surface roughness of the surfaces due to
formation of a rough, solid tribofilm [6]. Clearly complete
separation of the rubbing solid surfaces can only occur, and
thus full EHD lubrication conditions be reached, when suf-
ficient lubricant is entrained to form a hydrodynamic film
that is thicker than the height of the surface roughness fea-
tures, and the rougher the surface, the higher the required
entrainment speed.

Since ZDDP tribofilms increase the proportion of time
that lubricated components spend in mixed and boundary
lubrication conditions, their boundary friction properties
are of considerable importance. Using a cylinder on ring
sliding contact, Aoki et al. showed that secondary ZDDPs
gave higher boundary friction than primary ones based on
linear alkyl groups. Also, ZDDPs with longer, linear alkyl
groups gave lower boundary friction than those based on
shorter chains [7]. Hoshino et al. used a rolling—sliding
contact to compare the friction properties of three ZDDPs,
two primaries, linear n-octyl and branched 2-ethylhexyl,
and a secondary ZDDP based on 4-methylpent-2-yl [8].
They showed that boundary friction varied in the order
octyl < ethylhexyl < methylpentyl. Also the ZDDP with
linear alkyl groups showed friction that increased linearly
with log(sliding speed), a phenomenon generally seen with
effective organic friction modifiers [9]. These studies were
made with simple solutions of ZDDP in base oil, suggest-
ing that the observed boundary friction dependence prob-
ably resulted from the alkyl groups of partially alkylated
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phosphate at the outermost surface of the ZDDP tribofilm
acting in a similar fashion to an organic friction modifier.
Linear, primary alcohols that produce ZDDPs with the
lowest friction cannot, however, be used to prepare second-
ary ZDDPs, since by definition the latter must have two C
atoms attached to the a-carbon. An alternative approach to
producing low friction with ZDDPs is to reduce the boundary
friction coefficient of ZDDP tribofilms using friction modi-
fier additives. The most widely researched such additives are
the molybdenum dialkyldithiocarbamates (MoDTC) and it
has been found that these are able to produce low-friction
boundary films in combination with ZDDP and indeed that
ZDDP may enhance the effectiveness of MoDTC [10-17].
It has also been shown that MoDTC does not significantly
inhibit ZDDP film formation and can form a low-friction
film on top of a pre-formed ZDDP tribofilm [3]. Much less
research appears to have been published on the behaviour
of OFMs with ZDDP, although there are numerous patents
showing that various OFMs are effective in reducing friction
in ZDDP-containing oils [e.g. 18-22]. Topolovec et al. stud-
ied the impact of a range of OFMs on ZDDP tribofilms using
two approaches [3]. In one they used a minitraction machine
(MTM) operating in thin-film rolling—sliding conditions to
form tribofilms from ZDDP solution and then replaced the
ZDDP solution by one of OFM in base oil and monitored
the resulting friction and tribofilm thickness. They found
that some OFMs were quite ineffective in reducing friction
and also had little effect on the ZDDP film. However, oth-
ers, in particular a linear primary amine, reduced friction
but led to most of the ZDDP film being lost from the sur-
face. Glyceryl monooleate (GMO) and oleyl amide were
able to reduce boundary friction without resulting in loss of
the ZDDP tribofilm. Recently Ratoi has carried out a simi-
lar study with similar findings [23]. Topolovec et al. also
used the MTM to study the film formation and friction of
ZDDP + OFM blends where both additives were present at
the outset [3]. They found that the amine and amide inhibited
ZDDP tribofilm formation but that GMO reduced the thick-
ness of the ZDDP film only slightly. By contrast, Dobrenizki
et al. found that GMO inhibited the formation of a ZDDP
tribofilm almost entirely [24]. It is not yet clear whether the
OFMs inhibit tribofilm formation by blocking the surface,
interacting with ZDDP at the surface or simply by reducing
boundary friction and thus the mechanical forces to which
ZDDP molecules are subject during their reaction.
Eriksson compared the behaviour of two aminic friction
modifiers, a primary amine and also one of the tertiary
substituted Ethomeens of interest to the current study [25].
She found that both reduced friction with ZDDP and both
inhibited ZDDP tribofilm formation, the primary amine
much more than the Ethomeen. Lundgren et al. studied
the impact of a primary amine, a dialkyl amine and a tri-
alkyl amine on ZDDP film formation and friction with and
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without MoDTC [26]. They found that the amines alone
were able to reduce friction but this effect was boosted by
the presence of small concentrations of MoDTC, much
lower than the level at which MoDTC is normally effec-
tive. They found that both the primary and secondary
amines reduced the extent of ZDDP tribofilm formation.

From the above it is clear that some OFMs can help mit-
igate the impact of ZDDP on increasing friction but that
care must be taken in the choice of OFM since some can
also inhibit ZDDP film formation or damage pre-formed
ZDDP films. Amine-based OFMs are particularly effec-
tive OFMs at reducing ZDDP friction, which is perhaps
unsurprising since the outermost layer of a ZDDP tribo-
film is likely to be based on phosphate and thus be acidic.
However, primary amines are very damaging to ZDDP
films, possibly because the amine groups chelate Zn>* ions
from the ZDDP film [3]. Secondary and especially tertiary
amines appear somewhat less effective at reducing friction
but much less harmful to ZDDP films, perhaps because the
nitrogen atom that may interact with ZDDP tribofilm is
sterically hindered. This paper explores the effectiveness
of a range of tertiary amines in terms of this balance.

As described by Topolovec et al. [3], the impact of
OFMs on ZDDP behaviour can be studied in two ways:
(1) by examining the effect of OFMs on the film formation
rate and friction of ZDDP-containing oils using blends
containing both additives or (ii) by studying the effect of
OFMs on the friction and durability of pre-formed tribo-
films. In this paper, the latter approach is used. This has
practical relevance when engines are run in using OFM-
free factory fill oils but OFM-based oils are subsequently
employed.

3 Materials

The base fluid employed was a group II mineral oil con-
taining a non-functionalised olefin copolymer viscosity
modifier additive. This combination of base oil and vis-
cosity index improver was typical of the base fluid blend

Table 1 Ethomeens studied

used in formulating modern gasoline engine oils. The base
blend had VI 167 and dynamic viscosity 7.53 mPas at
100 °C.

One commercial ZDDP was employed, at a concentration
of 0.08 wt% P. This was a blend of 67% C6 secondary ZDDP
and 33% C8 primary ZDDP and was 76% neutral.

The OFMs studied were some of the family of commer-
cial polyethoxyalkylated tertiary amines with generic name
Ethomeens [27]. The core of these Ethomeens is a tertiary
nitrogen atom. This carries three groups: one alkyl or alk-
enyl group and two ethoxy groups or polyethoxy chains. Six
Ethomeens were investigated, as listed in Table 1. These
have two ethoxy groups each consisting of single ethoxy-OH
species (denoted/12) or a pair of polyethoxy chains termi-
nating in an alcohol such that there are 15 ethoxy groups in
total (denoted/25).

Ethomeens with three different alkyl/alkenyl types were
used in this study; one with predominantly linear, saturated
octadecyl-groups (denoted 18/), one with a mixture of alkyl
groups derived from coconut oil (denoted C/), and one a
mixture of alkyl groups originating from tallow (denoted
T/). The coconut-derived alkyl chains were predominantly
saturated, while the tallow-derived alkyls had a significant
unsaturated component. The representative alkyl composi-
tion for each Ethomeen type is listed in Table 2. In this table,
a single apostrophe indicates one C=C double bond per mol-
ecule; two apostrophes indicates two C=C double bonds.
All Ethomeens were used at a concentration of 1.0 wt% in
base blend.

Figure 2 shows representative structures of three of the
Ethomeens studied to illustrate the types of structural com-
ponent present.

4 Test Methods
4.1 MTM-SLIM
A Mini Traction Machine with Spacer Layer Imaging

(MTM-SLIM) was used to study the influence of OFMs on
pre-formed ZDDP tribofilm thickness and friction. In the

Commercial name Predominant alkyl group Saturation level Number of ethoxy Code of solution
groups

Ethomeen 18/12 18 (sat.) Saturated 2 18/12
Ethomeen 18/25 18 (sat.) Saturated 15 18725
Ethomeen C/12 12 and 14 (sat.) Saturated 2 C/12

Ethomeen C/25 12 and 14 (sat.) Saturated 15 C/25

Ethomeen T/12 18 (unsat.) Mixed saturated and unsaturated 2 T/12

Ethomeen T/25 18 (unsat.) Mixed saturated and unsaturated 15 T/25
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Table 2 Approximate alkyl group distribution in Ethomeens [27]

Chain length and Ethomeen T/ Ethomeen C/  Ethomeen 18/
saturation (Tallow) (%) (Coco) (%) (Octadecyl)
(%)

Saturated
C8 0 6 0
Cc9 0 0 0
C10 0 7 0
Cl1 0 0 0
Cl12 0 51 0
C13 0 0 0
Cl4 3 19 0
C15 0.5 0 0
C16 29 9 2.5
C17 1 0 0
C18 20 2 96.5
C19 0 0 0
C20 0 0 0.5

1 double bond
Cc14' 0.5 0 0
C16’ 2.0 0 0
C18' 44.0 6 0.5

2 double bonds
C18" 0 0 0

Total 100 100 100

MTM, a lubricated steel ball and disc are rubbed together in
mixed sliding—rolling at a controlled load and temperature
while friction is monitored.

The Spacer Layer Imaging Method (SLIM) allows in situ
measurement of sub-micron thick tribofilms formed on
rubbed steel balls in the MTM. The principles of SLIM,
which is based on optical interferometry, are shown in Fig. 3.
For a SLIM measurement, rotation of the 19-mm-diameter
steel test ball is halted and it is uploaded against a coated
glass mapper disc. White light is shone into the resulting
contact where some is reflected by a semi-reflective coating
on the underside of the glass, while the remainder passes
through a silica spacer layer and any tribofilm on the ball
before being reflected back from the steel substrate. The two
beams undergo optical interference depending on their opti-
cal path difference and thus on the antiwear film thickness.
The result is an interference image as shown in Fig. 3, which
is captured as a RGB pixel map by a high-resolution camera.
A calibration chart of RGB colour versus optical path dif-
ference obtained using ultrathin-film interferometry is then
used to convert this RGB pixel map to a ZDDP tribofilm
thickness map [28]. A refractive index of 1.6 was assumed
for the ZDDP tribofilm [29]. The advantage of SLIM is that
tribofilm thickness is measured in situ without rinsing or
cooling the MTM ball or removing it from the test rig. It
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should be noted, however, that the film average thickness
measured is a value closer to the maximum than the mean
film thickness since the glass disc does not fully conform to
the rough ZDDP tribofilm [6].

In the current study, AISI 52100 steel balls and discs were
used with hardness ca 840 Hv. These were ultrasonically
cleaned successively in toluene and Analar isopropanol for
10 min prior to use.

The test sequence used in this study consisted of two
stages: stage 1 to form a ZDDP tribofilm and stage 2 to
observe the impact of an OFM on this film.

At the start of stage 1, an initial SLIM interference image
was taken before any rubbing commenced to determine the
spacer layer thickness. Then the ball and disc were rubbed
together in low entrainment speed (and thus thin EHD film),
sliding—rolling conditions for 3 h to generate a ZDDP tribo-
film on the ball and disc. At this low entrainment speed, the
theoretical EHD film thickness based on the Dowson and
Chittenden equation [30, 31] was 5.5 nm. This corresponds
to a lambda ratio (ratio of EHD film thickness to composite
surface roughness) of 0.5, indicating considerable asperity
contact and thus mixed lubrication conditions. Periodically
during these 3 h (after 3, 6, 15, 30, 60, 120 and 180 min rub-
bing), rolling—sliding was halted and a film thickness map
and a friction curve were obtained. Immediately after motion
was halted, the ball was uploaded against a coated glass win-
dow and SLIM used to capture an interference image of
the tribofilm and thus a film thickness map. This was fol-
lowed by acquisition of a friction versus entrainment speed
Stribeck curve in which friction was measured as entrain-
ment speed (and thus EHD film thickness) was progressively
decreased from a high to a low value at a fixed slide-to-roll
ratio.

At the end of stage 1, the ZDDP-containing oil was
drained from the test rig and any residues blown out with a
heat gun. An OFM test solution was then added to the MTM
pot and a rubbing test identical to stage 1 above (except that
the first SLIM image obtained was that of ZDDP film) was
carried out.

Test conditions are summarised in Table 3.

4.2 Atomic Force Microscopy (AFM)

AFM was used to characterise the thickness and roughness
of the ZDDP tribofilms present. A confocal AFM-Raman
alpha300 RA produced by WiTec was employed in contact
mode. At the end of an MTM test, the disc specimen was
rinsed with heptane. The specimen was then dried and a
drop of 0.05 M EDTA solution was placed to cover half
the width of part of the wear track, and wiped off after 60 s
[32]. This treatment removes the ZDDP tribofilm entirely
to reveal the steel substrate and was done for two rea-
sons. Firstly, a single AFM image was not able to map the
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Fig.2 Representative structures
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Fig. 3 The principles of spacer layer interferometry method (SLIM)

topography of the whole 300 pm wide rubbed track, but
by reducing the width of the ZDDP film by half an AFM
topography map could be acquired with reference surfaces

Table 3 Conditions of MTM test (stages 1 and 2)

Slow- Stribeck curve acquisition
speed
rubbing
Total duration (min) 180 -
Slide-to-roll ratio (SRR) (%) 50 50
Ball load (N) 31 31
Entrainment speed (mm/s) 50 Decreasing from 3500 to 7
Temperature (°C) 100 100

on either side, as shown in Fig. 4. Secondly, it provided a
check as to whether any wear had taken place beneath the
ZDDP tribofilm.
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Fig.4 AFM image of part of

tribofilm. The left-hand side of Whole width

the tribofilm has been removed <+

using EDTA solution to provide < - \
a reference plane EDTA treated area A

4.3 Scanning White Light Interferometry (SWLI)

SWLI was also used to map the topography and thickness
of ZDDP tribofilms. An SWLI microscope (Wyko NT9100)
was employed in vertical scanning interferometry (VSI)
mode. SWLI has the advantage of being able to measure
films easily on both the MTM ball and disc surfaces. AFM
measurements from MTM balls are possible but their curva-
ture makes an accurate estimate of the film thickness quite
difficult. Another advantage of SWLI is that it can map
across the whole width of the rubbed track. SWLI’s main
disadvantage for studying ZDDP tribofilms is that, as shown
by Benedet et al., internal reflections within the transparent
tribofilm leads to incorrect measurements [33]. This can be
avoided by depositing a thin (ca 25 nm) film of gold on the
ZDDP tribofilm surface and its surrounds to make it fully
reflective.

4.4 Focused lon Beam (FIB)-Transmission Electron
Microscopy (TEM)

Focussed ion beam milling was used to cut pairs of vertical
slots into rubbed tracks and extract lamellae for TEM and
EDX analysis. Prior to FIB, the specimens were cleaned in
an ultrasonic bath for 15 min in toluene and then rinsed in
isopropanol. Then the rubbed track to be milled was sput-
ter-coated with a 60-70-nm gold layer to protect it from
the high-energy Ga/Pt ion beam used in milling. TEM was
employed to investigate the structure of the ZDDP film and
EDX to map the elemental composition of the lamellae. The
process of TEM specimen preparation is fully described in
[34].
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4.5 X-ray Absorption Near Edge Structure (XANES)

X-ray absorption near edge structure (XANES) was
employed to investigate the chemical composition of ZDDP
tribofilms before and after rubbing in OFM. Two modes
were applied: fluorescence yield (FY) and total electron
yield (TEY). The results were collected at the Canadian
Light Source (CLS, Saskatoon, Canada) on the Variable
Line Spacing Plane Grating Monochromator Beamline.
The energy ranges were chosen in order to include the bind-
ing energies of chemical compounds containing sulphur (S)
and phosphorus (P). For chemical compounds containing S,
results were collected in energy range 58—193 eV, while for
chemical compounds containing P, results were collected in
energy range of 130-156 eV, spanning the S and P L-edge
transitions. Reference samples are summarised in Table 4.
Athena software was used to process the results [35]. For the

Table 4 Reference samples for XANES

Chemical Origin

Zinc orthophosphate, Zn;(PO,), Sigma-Aldrich
Zinc pyrophosphate, Zn,P,0, Rossi, ETH
Zinc metaphosphate, ZnP,0¢ Rossi, ETH
Zinc polyphosphate, Zn,PsO Rossi, ETH
Iron (III) pyrophosphate, Fe4(P,0,); Sigma-Aldrich
Iron (II) sulphide, FeS Fischer-Scientific
Iron disulphide, FeS, Alfa Aesar
Zinc sulphide, ZnS Sigma-Aldrich
Iron sulphate, FeSO, Sigma-Aldrich
Zinc sulphate, ZnSO, Sigma-Aldrich
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L-edge, TEY probes a depth of about 5 nm, while FY probes
about 50 nm [36].

5 Results
5.1 Base Blend: Film Thickness and Friction

Figure 5 shows two series of SLIM images, the first as the
ZDDP film grows in the first 3-h stage of a test using ZDDP
solution (stage 1) and the second after the ZDDP solution
has been replaced by base blend (BB) without any OFM
(stage 2). The first image in each case is from the ball which
was immersed in oil but not rubbed. The second is after a
Stribeck curve but no low speed rubbing period. The subse-
quent seven images are of the tribofilm at various times dur-
ing the 3-h rubbing test (values shown are in minutes). With
ZDDP solution, it can be seen that a coloured interference
image, as indicated by the brown and then dark blue region
in the upper part of the images, develops progressively dur-
ing rubbing. The contact between ball and glass window is
deliberately offset so as to capture some of the rubbed track
on the ball together with region outside the track. ZDDP
tribofilm forms only in the rubbed track.

Upon replacement by base blend, as shown in the lower
set of images some of the outermost film is removed even
before any rubbing takes place, but most of the film (cor-
responding to ca 120 nm) remains for 3 h of rubbing in base
blend.

Figure 6 shows friction coefficient versus entrainment
speed curves (Stribeck curves) obtained during stage 2 when
the ZDDP tribofilm is rubbed in base blend. For clarity, only
curves after 3-, 15-, 30- and 180-min rubbing are shown. It
is evident that there is very little change either in the level
of boundary friction at slow speed or in the overall shape of
the friction curves during 3 h of rubbing in the base fluid.
This is consistent with the fact that very little of the ZDDP
film is removed.

5.2 OFM Solutions: Film Thickness and Friction

Figure 7 shows two sets of SLIM images during stage 2 of
two tests, where ZDDP solution was replaced by 18/12 and
18/25 solutions, respectively. For brevity, images from the

Fig.5 SLIM images of tribo-
film formation during 3-h rub-
bing in ZDDP solution (stage

1, upper row) and when ZDDP
solution is replaced by base
blend and rubbing continued for
3 h (stage 2, lower row). BB is BB
base blend, i.e. the base oil and

VM blend without any ZDDP

ZDDP
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Fig.6 MTM Stribeck curves obtained during stage 2 using base
blend. Z2 is the final MTM friction curve obtained with ZDDP solu-
tion in stage 1

preceding stage 1 of these tests, in which the ZDDP tribo-
films were developed are omitted. With 18/12, a significant
proportion of the film is lost after just one Stribeck curve
is taken and the film thickness then reduces considerably
during the first 30 min rubbing. After this no further film
is removed. With 18/25 very little if any ZDDP is removed
initially, but some of the film starts to be lost after about
30-min rubbing. This film removal appears to occur from the
sides of the rubbed track. Figure 8a and b shows the corre-
sponding Stribeck curves. Z2 denotes the last Stribeck curve
taken in stage 1, from the ZDDP film after 3-h rubbing. 0
min is the Stribeck curve taken immediately after the ZDDP
solution has been replaced by OFM solution. It is clear that
both OFMs produce an immediate reduction in boundary
friction, with 18/12 giving lower friction than 18/25. The
dependence of boundary friction on speed is quite differ-
ent however, with 18/12 giving friction that increases lin-
early with log(entrainment) and thus, at fixed SRR, with
log(sliding speed), while with 18/25 boundary friction is
almost independent of sliding speed. With 18/12, while
boundary friction at a given sliding speed remains almost
constant during slow-speed rubbing, there is a progressive
reduction in friction in the mixed lubrication regime. This is
indicative of some loss of effective roughness of the film, to
promote fluid entrainment. No such effect is seen with 18/25.

To indicate repeatability, Fig. 9 shows friction curves
after 180-min rubbing in stage 2 for three repeat tests with

30 60 120 180
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Fig.7 SLIM images during 0
stage 2 when pre-formed ZDDP
film is rubbed for 3 h in 18/12
solution (upper row) and 18/25
solution (lower row)
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Fig.8 Stribeck curves obtained during stage 2 for a 18/12 solution; b 18/25 solution
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Fig.9 Stribeck curves obtained at end of stage 2 for three repeat tests
using ZDDP solution followed by 18/12 and 18/25 solutions

Fig. 10 SLIM images during
stage 2 when pre-formed ZDDP
film is rubbed for 3 h in C/12
solution (upper row) and C/25
solution (lower row)

C/12

C/25
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18/12 and 18/25. The standard deviations are ca 5% in the
low-speed, boundary lubrication region and demonstrate that
the differences between the two OFMs are significant.

Figures 10 and 11 show tribofilm thickness and friction
behaviour for stage 2 using C/12 and C/25 solutions. Rub-
bing a ZDDP tribofilm in C/12 solution results in almost
complete loss of the film after 6 min. The film in the cen-
tral part of the track, where contact pressure is highest, is
removed preferentially. By contrast, C/25 causes little dam-
age to the ZDDP tribofilm. Both OFMs reduce boundary
friction. Like 18/12, C/12 results in boundary friction that
increases with speed. Unlike 18/25 which gave boundary
friction independent of speed, for C/25 friction does increase
with sliding speed. Even more than 18/12, C/12 shows a
large reduction of friction in the mixed regime as rubbing
progresses and this results from removal of the rough tribo-
film—essentially the system is approaching that of the OFM
solution with steel surfaces.
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Fig. 11 Stribeck friction curves obtained during stage 2 for a C/12 solution; b C/25 solution

Fig. 12 SLIM images during
stage 2 when pre-formed ZDDP
film is rubbed for 3 h in T/12
solution (upper row) and T/25
solution (lower row)
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Fig. 13 Stribeck friction curves obtained during stage 2 for a T/12 solution; b T/25 solution

Figures 12 and 13 show results for a ZDDP film rubbed in
T/12 and T/25 solutions. The tribofilm is partially removed
by T/12, though less than with C/12 and faster from the
sides rather than the centre. Except for additional loss from
the sides of the track, the level of film removal is similar
to 18/12. Negligible film is removed by T/25. Like C/12
and C/25, boundary friction is immediately reduced on
immersion in T/12 and T/25 and this friction increases with
entrainment speed, and thus, at fixed slide—roll ratio, slid-
ing speed. For T/12 there is an increase in boundary friction
after 3-h rubbing but, compared to C/12, there is relatively

little reduction in mixed friction, possibly because the film
in the central, load-bearing part of the track is not removed
and remains rough. For T12, after 30-min rubbing bound-
ary friction increases with rubbing time which may indicate
some changes over time in the composition of the adsorbed
OFM film.

Figure 14 summarises the influence of rubbing in base
blend and in OFM solutions on ZDDP mean tribofilm thick-
ness and root mean square roughness as measured from the
discs using AFM after 3-h rubbing. Also shown is the mean
thickness of the ZDDP tribofilm before exposure to OFM.
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Fig. 14 Change of ZDDP mean tribofilm thickness and roughness
after rubbing for 3 h in stage 2 with BB and various OFM solutions.
Measurements made using AFM

The average standard deviation of repeat measurements was
between 5 and 6% for both film thickness and roughness.
Rubbing in Ethomeens with 15 ethoxy groups reduces mean
tribofilm thickness by about 20-30 nm, while rubbing in
Ethomeens with just two ethoxy groups results in about 60
to 80 nm of the 120 nm film being lost.

5.3 OFM Solutions: Wear

Figure 15 shows the distributions of AFM-measured film
thickness over the central third of each film after 3-h rub-
bing. The unrubbed ZDDP tribofilm in Fig. 15a shows a
median thickness of ca 85 nm but the distribution is skewed
so that the mean is higher than this, probably because of the
tribofilm pads are flat-topped, while the inter-pad valleys are
narrow. As shown in Fig. 15a, ZDDP films after rubbing in
the four Ethomeens having just two ethoxy groups all show
a marked reduction in film thickness and for C/12, and to a
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e £ oo oT/12
ca e
B 10
iy
[}
£
E 5
=2

200

Film thickness [nm]

less extent T/12, there are some regions that show negative
film thickness compared to the reference plane, indicative of
wear. By contrast the ZDDP films rubbed in the Ethomeens
having 15 ethoxys retain the skewed thickness distribution
and there are no regions with negative thickness.

The location of the wear found with some of the Etho-
meens can be seen in the SWLI images in Fig. 16. Fig 16a
shows a map of film thickness of C/25 and indicates some
localised streaks of wear at the edges of the track but none
evident in the central region. This does not prove that there
is no wear across the track since the ZDDP film itself might
obscure substrate removal. However, removal of the tribo-
film with EDTA confirmed that there was no wear within the
main part of the rubbed track. By contrast, Figs. 16b and c,
which show ZDDP film rubbed in C/12 and T/12 solutions,
indicate regions where the ZDDP has been completely lost
and wear of up to 150 nm depth has ensued. These regions
correspond to those in the SLIM images where the film was
fully removed—in the centre of the track for C/12 but close
to the edge for T/12.

5.4 Film Composition

FIB-TEM and XANES were used to examine the impact of
one of the OFMs on the composition of the ZDDP tribo-
film. Figure 17 shows a high-resolution TEM image of the
ZDDP film remaining after rubbing for 3 h in a solution of
18/12, while Fig. 18 shows a magnified image of part of the
film. These indicate that all of the film has a nanocrystalline
structure, as also seen with the ZDDP film prior to rubbing
in OFM solution [34]. EDX analysis of the FIB wafer shows
that the film is comprised predominantly of O, P and Zn with
some sulphur in the 30-nm closest to the steel substrate but
none further away from the steel surface [37].
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Fig. 15 ZDDP tribofilm thickness distribution on discs after 3-h rubbing in stage 2 in a 18/12, C/12, T/12; b 18/25, C/25, T/25. Also shown are

typical distributions after 3 h rubbing in stage 1
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Fig. 16 SWLI images of gold-coated tribofilms on discs after 3-h
rubbing in stage 2 with; a C/25 solution, b C/12 solution and ¢ T/12
solution

Figure 19 shows the composition of the tribofilm before
and after rubbing for 3 h in 18/12 solution, as determined by
XANES. Before rubbing in the Ethomeen solution the meas-
urable part of the film consisted primarily of zinc orthophos-
phate and no sulphur was resolved. After rubbing in 18/12
solution, the film thickness was reduced to only 65 nm so that
XANES could probe most of this. Again the film consisted
primarily of zinc orthophosphate. But iron in the form of iron
disulphide was detected by FY in the lowest 60 nm of the film.

6 Discussion

From the above, it can be seen that there are large dif-
ferences in the influence of the two classes of Ethomeen
studied, those with two ethoxy groups and those with 15
ethoxy groups, on ZDDP tribofilm thickness and friction.

It is evident from Figs. 8, 11 and 13 that all the Etho-
meens tested produce an immediate and pronounced
reduction in friction of ZDDP films and that this persists
during three subsequent hours of rubbing. Stribeck curves
measured at the start of stage 2 and after 3-h rubbing are
summarised in Fig. 20 for all the solutions tested. From
this it can be seen clearly that the friction reduction is
consistently greater for the /12 OFMs than the /25 ones,
and that for the former the increase of boundary friction
with sliding speed is more pronounced. The boundary
friction coefficients produced by the /12 OFMs are also
more dependent on alkyl group type, with the octadecyl-
based compounds showing lower friction than the coco-
or tallow-derived ones. 18/12 solution shows a decrease
in boundary friction with rubbing time, whereas C/12
and T/12 show a slight increase in boundary friction after
3-h rubbing. The latter suggests a possible change in the
absorbed species on the ZDDP during prolonged rubbing.
As expected, there is a drop in mixed friction for all three
/12 OFMs after 3-h rubbing, reflecting a reduction in
roughness of the ZDDP film as it is partly removed. It
should be noted that the initially higher mixed friction of
C/12 solution originates from its initial Z2 film having
somewhat higher mixed friction than those of the other
two OFMs, probably reflecting a slightly greater rough-
ness. The friction curves for the three /25 Ethomeens are
very similar.

It is of interest to consider the friction results in terms
of Ethomeen molecular structures and their consequent
ability to form low-friction films. Most striking is the
difference between the Ethomeens having two ethoxy
groups and those with 15 such groups. With the for-
mer there is low friction combined with a pronounced
increase in boundary friction with sliding speed. This
has been shown experimentally [9] and using molecu-
lar dynamics simulation [38] to be indicative of the for-
mation of a relatively close-packed, vertically oriented
adsorbed surfactant film, so that sliding occurs pre-
dominantly between opposing planes of methyl groups.
For saturated linear chain amphiphiles with small head
groups such as fatty acids or amines, full close packing is
generally considered to occur when each molecule occu-
pies about 0.22 nm, while for unsaturated oleyl-based
surfactants a more typical value is 0.44 nm? [39]. There
is very little published, quantitative work on the packing
of Ethomeens on solid surfaces from hydrocarbons but
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Fig. 18 Magnified region from Fig. 17 to show nanocrystalline struc-
ture of film

this will depend on the size of the head group. Based
on surface tension measurements, Eriksson suggested
that full coverage for an oleyl-based Ethomeen, O/12,
lies between a molecular area of 0.45 nm? and 0.89 nm?,
depending on assumptions made concerning screening in
the Gibbs equation [25]. It would thus appear that the /12
Ethomeens should be able to form adsorbed monolayers
that are reasonably close packed. In the /25 Ethomeens
having fifteen ethoxy groups, the ethoxy chains are most
likely to be insoluble in the base oil (as is polyethylene
glycol) and thus likely to form part of the adsorbing head
group. The size of this head group is thus the N and
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its two attached ethoxy chains and if these lie adjacent
to the tribofilm surface they should occupy an area of
ca 4 to 6 nm?. Clearly this precludes close packing of
the alkyl chains and this is consistent with the almost
sliding speed-independent behaviour observed. It has
recently been suggested that even low coverages of an
OFM can significantly reduce boundary friction in thin-
film contacts [40]. Closer packing would be possible if
the ethoxy chains did not lie adjacent to the substrate, as
suggested for glyceryl monooleate at very high coverage
[41], but even so, the lengths of the ethoxy chains in the
/25 Ethomeens make significant van der Waal interac-
tions between neighbouring alkyl groups unlikely.

There is little difference between the three types of alkyl/
alkenyl group studied except for the slightly lower bound-
ary friction of 18/12 compared to C/12 and T/12. The alkyl
groups of the coco- and tallow-based products are actually
quite different with coco being predominantly primarily sat-
urated C12 and tallow predominantly saturated and unsatu-
rated C16 and C18 but these differences are not strongly
reflected in friction reduction performance.

FIB-TEM and XANES of the tribofilm before and after
rubbing in OFM indicated that the initial film was mainly
zinc orthophosphate and that some of this was removed by
rubbing in OFM. This was somewhat unexpected, especially
with analysis using L-edge TEY which probes the imme-
diate surface, since a number of XPS studies have shown
a high proportion of polyphosphate in the near surface of
ZDDP tribofilms [42]. Two possible reasons for the absence
of measureable polyphosphate are as follows. One is that
the ZDDP tribofilm formation stage 1 was quite long in this
work, at 3-h rubbing. A number of studies have found that
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Z2 -TEY: P -Zinc oh\hophosphate; S—none.
1

— Z2 — FY : P — Zinc orthophosphate; S — not resolved.

\ 18/12 - top

18/12 - TEY: P-\Zinc orthophospahate;S —none.

| \

- 18/12-FY:P-Zi

orthophosphate;S — Iron disuphide.

may have been removed by cleaning. Prior to FIB, the discs
were cleaned in an ultrasonic bath in toluene for 15 min to
remove all volatiles and this might have also removed the
more fragile polyphosphate from the surface, or, indeed
depolymerised it.

7 Conclusions

The influence of a series of Ethomeens (ethoxylated alky-
lamines) on the durability and friction of tribofilms formed
by a commercial blend of primary and secondary ZDDP
in sliding/rolling contact has been studied. FIB-TEM and
XANES analysis shows that the ZDDP tribofilms, which
are formed during 3-h rubbing at 100 °C, have a nanocrys-
talline structure and consist principally of zinc orthophos-
phate, with some iron disulphide in regions close to the steel

When the pre-formed tribofilms are rubbed in Etho-
meen solution, boundary friction is reduced and some of
the ZDDP film is removed. Ethomeens having just two
ethoxy groups give lower boundary friction on ZDDP than
those with fifteen ethoxy groups, but result in much greater

Fig. 19 Schematic diagram of A
ZDDP film revealed by XANES
analysis before (left) and after 22 - top
. - . 120 nm
(right) rubbing in 18/12 solution /
for3h 115 nm
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Fig. 20 Stribeck friction curves of the /12 and /25 OFMs at the begin-
ning and end of stage 2 tests

ZDDP tribofilms gradually transform from polyphosphate
to short-chain phosphate during extended rubbing [42, 43]
and it is thus quite likely that most of the tribofilm formed
in the current study was, in fact depolymerised orthophos-
phate. Concerning the immediate surface where polyphos-
phate might be expected to be most likely to be present, this

removal of the tribofilm itself. When ZDDP tribofilms are
rubbed in Ethomeens having 15 ethoxy groups only about
20 nm of the initial 120 nm of film is lost and negligible
wear is observed in a 3-h test. By contrast, when ZDDP
tribofilms are rubbed in solutions of Ethomeens having two
ethoxy groups, typically about half the film thickness being
lost and wear of the steel substrate occurs. Based on XANES
analysis, the film removed by Ethomeens is thus primarily
orthophosphate.

The level of boundary friction and its dependence on slid-
ing speed, coupled with the dimensions of the molecules,
suggests that the Ethomeens with two ethoxy groups may
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form quite closely packed vertical monolayers on ZDDP
tribofilm surfaces, but that those with fifteen ethoxy groups
cannot be close packed, though they still reduce boundary
friction significantly.

The study shows that selection of an appropriate aminic
friction modifier for use with ZDDP is a balance between its
ability to reduce friction and its potentially harmful effect
on a ZDDP tribofilm. Although only one ZDDP was stud-
ied, the finding should be applicable to all alkyl ZDDPs.
This means that despite their apparent inability to form
close-packed monolayer films, the additives having longer
polyethoxy chains may be more suited to use with ZDDPs
than those with just 2 ethoxy groups. Since hindered tertiary
amines show considerable promise as organic friction modi-
fiers for engine oils, this study should assist in the formula-
tion of lubricants and fuels giving low boundary friction and
thus improved fuel economy.
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