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The lubrication mechanism of aluminium alloy slid against steel was investigated from the standpoint of surface chemistry. Low
friction and low wear were observed using glycerol mono-olate in a hydrocarbon as lubricant. Increase in the silicon content
in the aluminium alloy during rubbing was observed by surface analyses using (1) Auger electron spectroscopy, (2) scanning
electron microscopy along with energy dispersive X-ray spectroscopy, and (3) X-ray photoelectron spectroscopy. Mild removal of
the passive state (aluminium oxide) from the uppermost surface by the additive during the running-in process was proposed as
the lubrication mechanism. The importance of additive chemistry that improves the running-in process was pointed out.

1. Introduction

Aluminium-based alloys are lightweight and are expected
to be energy saving materials for transportation systems.
Aluminium is inherently a soft metal; therefore, it is alloyed
with silicon and copper in order that it can have sufficient
properties. Several additives for the lubrication of aluminium
alloys have been reported [1–6]; however, lubricants that
improve the tribological properties of aluminium alloys still
need optimisation. Conventional additives for steel do not
always improve the tribological properties of aluminium
alloys under boundary conditions [7, 8]. These results
are attributed to tribo-chemistry related to additives and
aluminium surfaces. It should be noted that there are two
categories in this chemistry: the first is poor reactivity of
the additive with the surface (kinetic issue), and the second
is inadequate tribological properties of the boundary film
formed on the surface by tribochemical reactions (thermo-
dynamic issue). These problems were studied experimentally
by a combination of a well-designed tribotest with surface
analysis [8]. Lubricant chemists have to consider these
categories while developing an appropriate lubricant for an
individual material.

Lubrication of aluminium alloys by alcohols is well
known [9]. Formation of an amorphous-like boundary

film composed of aluminium alkoxide has been detected
by chemical analyses [10]. The direct interaction between
alcohol and the rubbed aluminium surface has also been
analytically detected [11]. Effects of the molecular structure
of lubricant on the tribological properties of aluminium
alloys are being debated. It has been reported that straight-
chain primary alcohols having more than 12 carbons are
better lubricants than 1,2-diols [11]. Many researchers have
pointed out the importance of bifunctionality in the lubri-
cant molecule. A strong interaction between the material
and the lubricant molecule through a cyclic complex has
been proposed. This leads to improvement in the tribological
properties [12]. Thermal stability of aluminium complexes
derived from 1,2-diols and 1,3-diols has been pointed out
[13]. Effects of molecular structure in 1,2-diols and 1,3-diols
on the tribological properties of aluminium-steel contact
have been studied systematically [14]. Friction and wear were
reduced by 1,2-diols and their derivatives and, to a lesser
extent, by 1,3- and 1,4-diols.

In spite of the aforementioned advantages, alcohols are
unsuitable as base fluids and the application of neat alcohols
as base fluids is problematic. Auto-oxidation of alcohols,
which occurs even during storage, yields carboxylic acids;
these acids may corrode metallic materials. In addition,
alcohols sometimes damage polymers used as parts in
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Figure 1: Structure of GMO.
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Figure 2: Configuration of specimen of tribotester.

Table 1: Viscosity of base fluid.

Sample
Viscosity, mm2·s−1

40◦C 100◦C

Squalane 18.6 4.07

PAO 250 30.0

machinery. The reactivity of alcohols is considered to cause
these problems. One practical solution to reduce the reac-
tivity is to dilute alcohols in neutral solvents. Lubricant
chemists are familiar with this method as additive technol-
ogy. Therefore, we attempted to use alcohols as additives
for lubricating aluminium alloys. In our preliminary study,
we evaluated several alcohols as additives in hydrocarbon
fluids. Among them, we found that glycerol mono-olate
or 2,3-dihydroxypropyl 9Z-octadecenoate (GMO, Figure 1)
provides good lubricity when applied to aluminium alloy slid
against steel. The additive has a unique chemical structure: a
straight-chain ester having a 1,2-diol moiety at the terminal
of the molecule. The 1,2-diol structure is expected to be
an anchor on the aluminium surface by forming cyclic
complexes [12] comprising an aluminium atom, two oxygen
atoms, and two carbon atoms. The straight chain moiety pro-
vides a densely packed boundary film that reduces friction.
In this study, we investigated the lubrication mechanism of
aluminium-silicon alloy by GMO in a hydrocarbon from the
standpoint of surface chemistry.

2. Experimental

2.1. Chemicals and Materials. Squalane and poly-alpha-
olefins (PAOs) were employed as base fluids. The former was
selected as a pure hydrocarbon in fundamental research.
Their viscosities are listed in Table 1. The structure of the
additive, GMO, is shown in Figure 1. Samples for use in the
tribotest were prepared by dissolving GMO in hydrocarbon
oil at a concentration of 50 mmol kg−1 (1.8 mass%). The tri-
bomaterials employed in this work are for bearing materials.
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Figure 3: Friction trace for squalane.
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Figure 4: Friction trace for PAO.

Properties and compositions of the materials are listed in
Table 2.

2.2. Tribotest. The tribological properties of samples were
evaluated by a cylinder and an assembled four-block-type
tribotester (Figure 2). This is a unique method designed
for evaluating the compatibility of a lubricant with the
tribomaterial from the viewpoint of tribochemistry [8]. The
test conditions are listed in Table 3. These conditions were
chosen to simulate bearing operation. Low sliding velocity
was applied to trace changes in surface chemistry during
running-in process. Friction was monitored throughout the
test. After the test, the resultant blocks were ultrasonically
cleaned in hexane and their surfaces were studied by Auger
electron spectroscopy (AES), scanning electron microscopy
along with energy dispersive X-ray spectroscopy (SEM-
EDX), and X-ray photoelectron spectroscopy (XPS). The
resultant oil containing wear particle was diluted with hex-
ane, and the liquid phase was removed by decantation. Wear
particles were washed with hexane for three times and dried
in air. Then the wear particles were collected for SEM-EDX
analysis. AES was taken on PHI Instrument Model-680 at
electron beam energy of 5 kV, test area of 50 × 50μm, and
analysis depth of 3-4 nm. SEM-EDX was taken on Elionix
model EXM-3500 at accelerating voltage of 25 kV, test area of
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Table 2: Properties and composition of tribo-material.

Material Hardness
Surface roughness, Ra μm Contents of element, mass%

Block Cylinder Fe Cu Al C Si Mn Cr Pb Sn

Steel HRC 60 — <0.10 Balance 4.6 0.47 <0.5 1.5

Aluminium
alloy

HV 47.8 1.4–2.3 — 0.48 Balance 3.2 0.48 3.1
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Figure 5: Wear on aluminium block after tribotest for 120 min.
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Figure 6: Concentration of elements on surface obtained by SEM-
EDX analysis.

0.1×0.1 mm, electron beam incidence of 76 degree, emission
angle of 29 degree, and analysis depth of 1 μm. XPS was
taken on PHI Instruments Quantum-2000 by X-ray source
of monochromated-Al-K-α ray (1486.6 eV) at 20 W, test area
of φ100 μm ellipse, emission angle of 45 degree, and analysis
depth of 4 nm.

3. Results and Discussion

A solution of GMO in squalane reduced friction con-
siderably, as shown in Figure 3. GMO fairly improved
the tribological properties of the practical base oil, PAO
(Figure 4); the coefficient of friction was reduced and
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Figure 7: Increase in silicon concentration on aluminium block
during running-in period (GMO in PAO).
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Figure 8: AES spectrum of rubbed surface (GMO in PAO for
120 min).

fluctuation of friction was prevented after a running-in
period (approximately 20 min). The additive also reduced
wear of the aluminium block in the tribotest performed for
120 min (Figure 5). The resultant blocks were analyzed by
SEM-EDX to study the elemental content on the surface.
A considerable increase in silicon content and decrease in
the aluminium content were observed on the wear track
[15], whereas no content change was observed outside the
wear track (Figure 6). Wear particles generated during the
tribotest were collected and their elemental composition was
also analyzed by SEM-EDX. In addition to aluminium as
the major component, detectable amounts of copper and tin
were found therein. Iron that had been worn off from the
steel cylinder was also found. However, the concentration
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Figure 9: Chemical mapping by AEX (GMO in PAO for 120 min).

Table 3: Conditions for tribotest.

Operation
parameters

Applied load, N 1.0× 102

Maximum contaxt stress, GPa 1.8× 10−1

Hertzian contact width, mm 2.0× 10−2

Rotation of cylinder, rpm 145

Sliding velocity, m s−1 4.8× 10−2

Oil temperature, ◦C 20–25

Oil supply, mg s−1 0.5

Test duration, min 120

Test cylinder
Material Steel

Size, mm 6.35Φ× 32 L

Test block
Material Aluminum alloy

Size, mm 5.0× 5.0× 12.7

of silicon in the wear particles was less than that in the
original material. The results indicate that silicon in the
tribo-material remained on the surfaces, whereas the other
components (Al, Cu, Sn) were worn off by rubbing. It
seems that soft metals (such as Al) are easy to wear off in
comparison with hard metals (such as Si). The chemical
compositions on the surfaces rubbed with GMO-PAO and
additive-free PAO are quite similar. This indicated that the
additive had no hand in changing the elemental content on
the surface. However, additive-free PAO yielded rough worn
surfaces that were unsuitable for further analyses by AES and

XPS. The function of the additive was to provide a smooth
worn surface (see SEM micrograph in Figure 9) as well as
to reduce the amount of wear. From observations of the
tribotest, it was assumed that GMO makes the wear milder,
resulting in a smooth worn surface.

We further investigated the increase in silicon content
during the running-in process of the tribotest. The silicon
content on the worn surface was traced during the initial
20 min of the test. As shown in Figure 7, it increased rapidly
during the first minute of the test and then linearly increased
during the next 20 min. Since the concentration of silicon
on rubbed surfaces after 120 min of the tribotest fell in the
range of 23–25% (Figure 6), we concluded that the surface
chemistry had reached the steady state within 20 min of
rubbing under these conditions. The friction trace (Figure 4)
also indicated the steady state of low friction after 20 min of
rubbing. The results support the importance of the chemical
content on a surface in reducing friction.

SEM-EDX provides average chemical contents in sub-
surfaces of 1 μm depth. In contrast, AES and XPS are
surface-sensitive analyses that provide the surface chemistry
of nanometre depth (uppermost surfaces). Differences in
relative concentrations of elements on surfaces were observed
by these instrumental analyses (Table 4). In contrast to
the results obtained by SEM-EDX, silicon content on the
nonrubbed surface was lower than the detection limit of
AES and XPS analyses (see also Figures 8, 9 and 11). These
results indicate that the uppermost surfaces of nonrubbed
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Table 4: Contents of element on surface.

Analysis Relative contents, atomic%

Method Depth
Rubbed surface Non-rubbed surface

Al Si Sn Fe Al Si Sn Fe

AES 3-4 nm 75 25 n/d n/d 100 n/d n/d n/d

XPS 4 nm 82 14 2 2 91 n/d 9 n/d

SEM-EDX 1 μm 74 24 2 trace 93 4 3 n/d

n/d: not detected.
trace: less than 1%.
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Figure 10: XPS spectrum of rubbed surface: Al 2p (GMO in PAO
for 120 min).

surfaces were covered with aluminium and a small amount of
silicon, if any. AES and XPS analyses showed that the rubbing
process increased the silicon content also on the uppermost
surfaces. The silicon concentration determined by AES was
higher than that determined by XPS. It should be noted that
the accuracy of quantification by AES is inferior to that by
XPS [16]. Another advantage of XPS is that it yields the
chemical state of the substances on the uppermost surface.
The spectra shown in Figures 10, 11, 12 and 13 indicate that
the nonrubbed area was covered with aluminium oxide and
tin oxide, while considerable amounts of aluminium, silicon,
and tin in the elemental (metallic) state existed on the rubbed
surface.

The tribological process changed the chemical contents
on the surface. First, the concentration of silicon on the
subsurface (1 μm in depth) increased by 4 to 5 times.
Second, considerable amounts of aluminium, tin, and silicon
existed in the metallic state (not as oxides) on the rubbed
uppermost surface, whereas only oxides of aluminium and
tin were found on the nonrubbed surface. These results can
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Figure 11: XPS spectrum of rubbed surface: Si 2p (GMO in PAO
for 120 min).

be explained by the removal of metal oxides existing on
the uppermost surfaces through rubbing. As a consequence,
metals were exposed on the uppermost surfaces. Mohs
hardness of metals and minerals is 2.9 for Al, 9.0 for Al2O3

(alndum), 7.0 for Si, 7.0 for SiO2 (quartz), 1.8 for Sn, and
6.5 for SnO2 (cassiterite) [17]. Since metallic aluminium
and tin are softer than their corresponding oxides, the
existence of these metals on the uppermost surface is
beneficial for reducing friction. Increase in silicon content
on the uppermost surface makes the material harder; this is
beneficial for preventing wear [15]. A detectable amount of
iron, which was transferred from the counter steel surface,
was found on the rubbed surface by XPS.

The third remark is about the chemical content of the
wear particles obtained by SEM-EDX. In addition to alu-
minium and iron as major components of the tribo-
materials, considerable amounts of tin and copper were
found. In contrast, the concentration of silicon in wear
particles was much lower than that in the original material.
These results suggest certain selectivity of elements in the
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Figure 12: XPS spectrum of rubbed surface: Sn 3d (GMO in PAO
for 120 min).
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Figure 13: XPS spectrum of rubbed surface: Fe 2p (GMO in PAO
for 120 min).

wear process under these conditions. These results are sum-
marized in Figure 14.

It has been reported that 1,2-diols and 1,3-diols as
additive in mineral oil improve lubrication of Al-Si alloy
slid against steel by forming a molecular film on the surface
[13]. This mechanism is not probable in the present case;
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Rubbed surface
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Al, Si, Sn
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Figure 14: Proposed mechanisms based on surface chemistry.

the thickness of the boundary film is approximately 2 nm
if an oriented, densely packed adsorption film of GMO is
applied uniformly. This should result in an increase in carbon
content on the uppermost surfaces. However, the carbon
content on the rubbed surface decreased significantly by
rubbing, as shown in Figure 8.

Finally, it should be emphasized that an appropriate
combination of analytical techniques leads to better under-
standing of tribochemistry under boundary lubrication con-
ditions. In this study, the spatial resolution and chemical
resolution of surface analyses were of importance.

4. Conclusions

The tribological properties of aluminium alloy slid against
steel were investigated from the standpoint of surface chem-
istry.

(1) Glycerol mono-olate reduced friction and wear when
it was added to hydrocarbon oil.

(2) Changes in the chemical content on the surface occ-
urred during the tribotest. A significant increase in the con-
centration of silicon on the rubbed surface was observed by
SEM-EDX. This contributes to improving wear-preventing
properties. Considerable amounts of metallic aluminium,
silicon, and tin on the uppermost surface were found by XPS.

(3) Since these metals are softer than their oxides, they
are beneficial for friction reduction.

(4) The additive, GMO, was considered to mildly remove
the passive state of aluminium oxide from the surface during
the running-in process.

(5) Each surface analysis has individual spacial and che-
mical resolutions. The combination of the results by these
analyses indicates a proposed mechanism (Figure 14). A sys-
tematic approach by multisurface analyzing is of importance
in studying tribochemistry.

Nomenclature

AES: Auger electron spectroscopy
GMO: Glycerol mono-olate, see also Figure 1
PAO: Poly-alpha-olefins, see also Table 1
SEM-EDX: Scanning electron microscope attached

with energy dispersive X-ray spectroscopy
XPS: X-ray photoelectron spectroscopy.
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