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ABSTRACT Aluminium-silicon alloy, an important material used for the construction of internal combustion engines, exhibit pressure
induced distinct regimes of wear and friction; ultra-mild and mild. In this work the alloy is slid lubricated against a spherical steel pin
at contact pressures characteristic of the two test regimes, at a very low sliding velocity. In both cases, the friction is controlled at the
initial stages of sliding by the abrasion of the steel pin by the protruding silicon particles of the disc. The generation of nascent steel
chips helps to breakdown the additive in the oil by a cationic exchange that yields chemical products of benefits to the tribology. The
friction is initially controlled by abrasion, but the chemical products gain increasing importance in controlling friction with sliding
time. After long times, depending on contact pressure, the chemical products determine sliding friction exclusively. In this paper, a
host of mechanical and spectroscopic techniques are used to identify and characterize mechanical damage and chemical changes.
Although the basic dissipation mechanisms are the same in the two regimes, the matrix remains practically unworn in the low-
pressure ultra-mild wear regime. In the higher pressure regime at long sliding times a small but finite wear rate prevails. Incipient
plasticity in the subsurface controls the mechanism of wear.
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1. INTRODUCTION

Aluminum alloys provide an attractive option for use
as an engine material in internal combustion engines
because of their good power to weight ratio. Chal-

lenges with aluminum, compared with iron are its lower
strength at high temperatures and adhesion to steel coun-
terfaces, both of which affect wear resistance. Aluminum
alloys, if not designed properly, show damage at the top
dead centre of an engine stroke where the stresses are high
and boundary lubrication conditions may prevail.

One of the mitigating measures to counter the concern
of poorer wear resistance is to introduce a hard second
phase, generally silicon, into the alloy. A two-stage honing
process releases the silicon particle by chemical or mechan-
ical action (1-3) to stand proud of the surface. It has also
been shown, using the Greenwood and Tripp model, that
the roughness imparted by honing reduces the peak contact
pressure (3), which discourages plastic deformation of the
matrix alloy. The particles bear the load and provide scuffing
and wear resistance during use. When the bore surface
microstructure and properties are poorly designed, the Si
particles can wear and fracture by abrasion during sliding
and can sink into the matrix (4, 5). As the height of the silicon
protrusion reduces with sliding, the matrix alloy is exposed

to direct metal-to-metal contact with the counterface asperi-
ties. The longevity of these silicon protrusions depend on
sliding time and applied normal load (6, 7). For relatively
short sliding times it has been shown (6) that the wear rate
is practically zero when the contact pressure is low. This
stage is designated as the ultra-mild wear (UMW) stage.
Metal-to-metal contact, however, occurs rapidly at high
contact pressures, and the wear rate is high under these
conditions. This stage is designated mild wear (MW).

Another mitigating measure related to aluminum wear
is to use an oil-based lubricant which contains zinc and/or
molybdenum based additives (8, 9), which is used when the
substrate and the counterface are both iron-based alloys. The
additives under traction decompose and sometimes recom-
bine to yield a variety of products at the interface that
provide load support, wear resistance, and low dissipation
(8-10). The products are well-identified and the chemical
processes are well-understood. However, when the wear
surface is an aluminium-silicon alloy, the protection these
products provide is not conclusively established.

When the contact pressures are low in the ultra-mild wear
regime, the silicon particles support the load. When the
particles disappear with sliding time or at higher pressures,
a tribofilm, which comes into existence because of the
interaction of the substrate with the decomposed compo-
nents of the additives and the ultra fine aluminium grains,
bears the load (11). Some workers (12-14) contend that
zinc-dialkyl-dithiophosphates (ZDDP) antiwear pads form on
top of the silicon particles. Although Das et al. (15) did not
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detect a general decomposition of ZDTP (Zinc-dialkyl-thio-
phosphate) at the Fe-Al/Si interface, they detected phos-
phorus on the protruding silicon surface and attributed low
friction in boundary lubrication to the decomposition of the
additive to various glassy phosphates. Others (1) have chal-
lenged these findings as they find the tribofilm to be prin-
cipally made up of aluminium alloy wear particles. There is
some evidence (16, 17) that suggests that the boundary
lubrication mechanism for Fe/Al interaction is not dictated
by chemical reaction but by adsorption of the additives
(18, 19), except in the case of chlorine-based additives. This
hypothesis has been demonstrated for fatty acids (18, 20, 21)
and ZDDP (22, 23). The adsorbed molecule prevents the
reduction of the aluminium oxide to aluminium metal. This
has also been demonstrated for an amine salt of an acid
phosphate. There is, however, a lack of unanimity amongst
research workers regarding the role of ZDDP in the tribology
of systems where one of the matrix surfaces is aluminium.
Wan et al. (24) report that at low concentration of 1%, that
ZDTP has no effect on Fe/Al boundary lubrication tribology.
At higher concentrations, AlPO4 formed at the interface
impairs wear resistance. However, earlier work (22) has
suggested that ZDTP polymerizes at the interface and pro-
vides wear protection. The varied interpretations described
above suggest that such a protective role cannot be taken
for granted.

The pressure dependence of quantitative and qualitative
changes in tribology of aluminium-silicon alloy has been
demonstrated in dry sliding for short runs (6). The lubricated
tribology of these alloys over prolonged sliding poses ad-
ditional questions: Does lubrication protect the protruding
silicon by forming a tribofilm? If not, does silicon wear with
time? If so, then does the matrix alloy become involved in
the tribology at the interface? How does this tribology evolve
with time and do the lubricant additives provide protection?
Does this chemical interaction depend on contact pressure?
Given this transient nature of lubricated tribology of
aluminium-silicon alloys, what is the timeframe to obtain
steady state? Ideally speaking, the experiments need to be
done for a practical length of time of relevance to the
regrinding of the engine bore. We have, however, found in
this work that both the friction coefficient and the wear rate
vary with time, albeit under the ideal test conditions used
here, in the first 10-15 h. After this time, the tribological
characteristic are more or less invariant with time. We have
thus run the experiments for 40 h.

This report looks at long term lubricated tribology of
aluminum-silicon alloys in the presence of additives. An
etched aluminium-silicon alloy, where the silicon particles
protrude ∼1 µm from the metal surface, is used. We
lubricate the sliding contact using an engine oil and track
friction and wear of the alloy over 40 h.

2. EXPERIMENTAL SECTION
2.1. Wear Test. A near eutectic aluminium-silicon alloy in

the as-cast condition was slid against the flat surface of a 1 mm
diameter steel pin in a pin-on-disc (POD) instrument (displace-
ment resolution ∼1 µm and load cell resolution ∼0.1 N,

procured from DUCOM, Bangalore, India) under engine oil
lubrication (see Supporting Information 1 for material details).
All tests were run for 40 h (28.8 km). The experiments were
done at two average contact pressures; (I) 12.7 MPa, which
generated the UMW regime, and (II) 25.4 MPa, which generated
the MW regime. The objective was to investigate the mechanical
and chemical mechanisms of wear in the two regimes and to
understand the long-term evolution of these mechanisms. The
sliding test velocity was kept constant at 0.2 m/s during the test
to emulate the piston ring velocity near the top dead centre of
the engine. An oil flow rate was kept at 2 drops/min for all tests.
The alloy samples were 160 mm in diameter and were ground
and polished in the POD instrument to avoid additional hovel-
ling of the polishing machine. The samples were etched with
10% NaOH solution for 60 sec, which was followed by washing
in a 3% HNO3 solution to remove the hydroxide layer. The
average root mean square roughness of all samples was ∼0.25
µm and the average exposed height of silicon particles on the
aluminium matrix was about 1µm. A diamond cutter (ISOMET
4000, BUEHLER) was used to cut the worn samples to the
appropriate dimensions for subsequent analysis. All the data
reported in this paper are done as function of sliding time, and
at the same sliding velocity, which makes it easy to plot the data
as a function of sliding distance.

2.2. Surface and Sub-Surface Study. 2D and 3D profiles
of the wear tracks and of individual silicon particles were
recorded using an optical surface profilometer (Wyko-MAR
Precision System Inc), an environmental secondary electron
microscope (Quanta 200, FEI), a FE-SEM (SIRION, FEG XL30,
FEI), and an atomic force microscope (Innova, Veeco) respec-
tively. Subsurface deformation in various places of the wear
track was characterized by machining 30 × 8 × 8 µm trenches
with a Focused Ion Beam (FIB) microscope (strata FIB 200xP
FEI). A current of 2700 pA was used for the ion beam milling
operation. Platinum was deposited next to the trench after
milling using a current of 150 pA to protect the surface from
beam damage. Ion beam polishing was performed after plati-
num deposition by using currents of 1000 pA and 350 pA,
successively. Images were taken at an angle of 45° using beam
currents of 11 pA and 70 pA the FIB. As the higher current of
70 pA may burn the substrate in places, the lower current of
11 pA was used as a reference of the higher current images to
avoid the artifacts created by burning.

2.3. Lateral Force Microscopy (LFM). LFM experiments
were performed using a pyramidal shaped Si3N4 tip of radius
30 nm in an AFM. A V-shaped cantilever with a spring constant
of 0.57 N m-1 was used to measure the normal and lateral
forces. All tips were cleaned in a UV chamber (Bioforce Nano-
sciences) for 20 min before use. The tests were conducted in a
lubricated medium using the same lubricant as used for POD
experiments described earlier. Lateral forces were recorded
separately over an area of 5 µm × 5 µm of the polished
aluminium matrix and an area of (5 µm × 5 µm) of the silicon
particles. The lateral stiffness of the cantilever was measured
using the finite element method in ABAQUS6.8 software. The
dimensions of the cantilever were measured in the FE-SEM for
cantilever stiffness estimation. The lateral force was measured
according to the techniques mentioned by one of the authors
in an earlier publication (25).

2.4. Chemical Analysis. The chemical composition of the
worn discs and pins were studied in the Environmental Second-
ary Electron Microscope (Quanta 200, FEI). Surface-sensitive
X-ray photo electron spectroscopy (XPS) was also used for
chemical analysis of the worn surfaces coupled with MULTILAB
2000 instrument (Thermofisher Scientific). The spectrometer
was equipped with a monochromatic AlKR (1486.6 eV) X-ray
source and the beam size of the instrument was 4 mm × 4 mm.
The C1s peak at 284.8 eV was used as a reference for the
analysis. The observed spectra were deconvoluted using the
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Gaussian-Lorenzian product function after background subtrac-
tion (26). The atomic concentration of the elements were
calculated using atomic sensitivity factors published elsewhere
(27).

2.4.1. XPS Analysis. Samples from the worn discs and pins
were cut into 1 mm × 1 mm × 1 mm cubes with a diamond
cutter. The worn samples were cleaned with ethanol for 5 min
in an ultrasonicator and kept in a desiccator for 1 day. They
were then kept in a UHV (ultra high vacuum) chamber for one
more day to remove carbonaceous materials prior to the XPS
analysis. A survey spectrum in the energy range of 0-1000 ev
were taken from each sample. The major peaks that were
observed on the survey spectrum were chosen for the high
resolution scan. The scan was performed on Al2p, Fe2p, Ca2p,
Si2p, C1s, O1s, Mo3d, S2p, P2p, and Zn2p peaks. Peak fitting
was performed using the following procedure:

I. A least square fit was performed using the quadratic
function on the raw XPS data to increase the signal-to-noise ratio
(S/N). This smoothing procedure was performed several times
without distorting the original peak.

II. The Shirley background correction (26) was performed on
the smoothened data when the S/N ratio was high.

III. After the background correction, the peaks were decon-
voluted using Fast Fourier Transformation using a software
designed for fitting peaks on curves. The software used, calcu-
lates the peak position, area fraction of the individual peaks,
peak intensity and total integrated area of the spectrum (see
Supporting Information 2).

IV. Spin orbital splitting was done for elements where peaks
overlapped. The separation energy of the split spin orbital and
their relative ratios were maintained during curve fitting (see
Supporting Information 3).

V. The carbon 1s peak with a binding energy of 284.8 eV was
taken as a reference for all of the peaks. For all samples, the
carbon 1s peaks were different because of carbon contamina-
tion, and the peak shift was calculated based on the peak value
at 284.8 eV. All peak positions (binding energy) for a particular
sample were corrected by the same peak shift as calculated
above.

VI. Quantitative analysis was performed using a sensitivity
factor for each element. If the intensity of the ith element is Ii

and the corresponding sensitivity factor is Si, then the atomic
fraction is

The atomic fractions were converted into weight percent by
using the atomic weight of the individual elements.

3. RESULTS
Our previous short duration sliding study (6) indicated the

signatures which separate the ultra mild wear (UMW) regime
from the mild wear (MW) regime. We have used the same
partitioning criteria here. Figure 1a shows that at the lower
contact pressure, the steady-state wear rate is 5.74 ×10-19

m3/s, an equivalent normal ball displacement rate is of the
order of 0.5 nm/s. This we designate as UMW regime. When
the contact pressure is in the MW regime, there is a rapid
wear rate of 8.7×10-18 m3/s until about 15 h, beyond the
initial run-in for 2 h. This rate is very similar to what was
earlier characterized as oxidative mild wear (6). The wear

rate decreases after 17 h to a steady state value (1.95×10-18

m3/s), which is 3.3 times that of the steady state UMW wear
rate.

Figure 1b shows the coefficient of friction to increase
from about 0.1 to 0.12 in 40 h, when the contact pressure
is 12.7 MPa. Doubling the pressure shows a decrease from
0.09 to about 0.062 in 5 h and a very gradual decrease in
the period between 5 and 40 h.

3.1. Ultra-Mild Wear Regime. Figure 2a confirms
that the silicon columns stand proud of the aluminum matrix
during the UMW regime. The average volume loss over the
wear track shown in Figure 1a was estimated from the
profilometric data recorded such as in Figure 2a.

The silicon particle height on the unslid surface is de-
scribed by a Gaussian distribution, and in the first 2 h, the
tips of the taller particles are worn and fractured leading to
a 600 nm reduction of the average height. This corresponds
to a steep rise in the wear volume. Figure 3 shows the
abrasion marks on top of a silicon particle following the 2 h
of sliding in the UMW regime. The FIB cross section of the
sample worn in this time period shows intense plastic
deformation of the matrix near the silicon-matrix interface
and failure at some locations, but does not show any

Ni )
Ii/Si

∑
i

Ii/Si

(A)

FIGURE 1. (a) Wear volume plotted against sliding time at different
pressures. Wear depth measured by the optical profilometer at
different sliding times. (b) Coefficient of friction plotted as a function
of sliding time. The inset shows the variation of coefficient of friction
during the first 3 h.
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continuous decohesion of the particle-matrix boundary or
any sliding of the particle in the matrix by shearing at the
interface. We surmise that the high volumetric wear of the
track in the first 2 h is not associated with any significant
sinking of the particle, but primarily reflect the wear of the
Si particles themselves. The first 2 h of high wear is followed
by a slow reduction of 100 nm of particle height in the next
38 h (Figure 2). This corresponds to a volumetric loss of only
one-sixth of that in the first 2 h. The following are some of

the qualitative observations of the attrition process during
the 40 h of UMW.

(1) The pin surface undergoes changes due to contact.
Initially, the pin is severely abraded by the silicon particles,
but with time, the pin becomes smooth, as seen in images
a and b in Figure 4.

(2)Iron is found at the edge of the silicon particle on the
disc suggesting that the silicon particles scrape/abrade the
softer pin (supporting information (4)).

(3) The silicon particles on the disc chip off or fracture
with time and get embedded into the soft pin. The line
profile of the surface shown in Figure 4c suggests that
although the abrasion marks are absent on the pin after 40 h
of sliding, the pin carries 100-200 nm high protrusions
(shown by arrows), which may be embedded silicon par-
ticles. This is supported by the XPS data (Table 1), which
shows the presence of silicon on the pin surfaces in the UMW
but not in the MW regime. XPS analysis of these fragments
embedded on the pin indicate that these fragments are
made of Si(OH)4 (see Supporting Information 5).

FIGURE 2. (a) 3D topography of the worn surface slid for (i) 2 h and (ii) 40 h at a contact pressure 12.7 MPa (UMW regime). Green color
represents the average height of the aluminium matrix. Deep red colour represents the unworn silicon particles outside the tracks whereas
light red colour shows the worn out silicon particles within the track. (b) The height distribution of worn out silicon particles after (i) 2 h and
(ii) 40 h of sliding. The Gaussian curve fit to the distribution shows that the average height (centre) of silicon particles is ∼400 nm after 2 h
and ∼300 nm after 40 h of running.

FIGURE 3. FIB sectioned subsurface of the UMW regime shows
deformation around the silicon particle after 2 h of running. SD -
Sliding direction.
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(4) Another damage mode is the abrasion of the silicon
particles on the disc by the silicon fragments embedded in
the pin. The LFM images (see Supporting Information 6) of

the particle give an average attrition of 30 nm in 38 h. The
total reduction of the silicon protrusion in 38 h being 100
nm, we suggest that there is a 70 nm reduction of the
protrusion by sinking in this time and this happens mainly
at large sliding times (no sinking occurs in the first 2 h).

In previous publications (4-6), we have shown that if the
matrix at the root of a silicon particle deforms plastically,
the particle sinks into the matrix. Figure 5 shows that after
40 h of sliding, decohesion, voids, and continuous cracks
have occurred around the particles at the silicon-matrix
interface. Comparing Figures 3 and 5, it is clear that this
continuous failure of the interface happens at high sliding
times approaching 40 h and that particle sinking is a major
cause for volumetric loss in the 2-38 h period. The most
likely explanation for particle sinking at low contact pressure
and high sliding time may be high cycle fatigue, weakening
a region around the root of the silicon particle. The reduction
in the quantity of Si and Al on the disc surface (Table 1) after
sliding in the UMW regime, and the corresponding appear-
ance of Zn, P, S, and Mo when they were not there on the
as-received material (see Supporting Information 1), sug-
gests that the spectrometer detected the presence of a third
body film on the matrix. The elemental composition of the
pin surface shows a reduction in the quantities of Fe and Mo,

FIGURE 4. SEM micrograph of (a) unslid pin and (b) pin slid for 40 h at 12.7 MPa contact pressure, showing the smoothening of the surface
with time. (c) Corresponding line profiles across the pin surface.

Table 1. XPS Elemental Analysis (accuracy of the
results is estimated to be better than 6%)

elemental composition in wt%

elements

disc,
12.7 MPa,

40 h

disc,
25.4 MPa,

40 h

pin,
12.7 MPa,

40 h

pin,
25.4 MPa,

40 h

C 34.15 39.27 58.93 (0.85)a 57.61
O 39.11 36.91 28.79 26.83
Al 10.99 (86.24)a 6.46 0 0
Si 5.04 (12.26)a 2.31 1.59 (0.24)a 0.01
Fe 7.30 9.45 8.18 (82)a 8.86
Mo 0.70 (0)a 2.14 0.54 (5.01)a 2.39
S 1.06 1.48 0.8 2.41
P 1.19 (0)a 1.45 0.78 (0.02)a 1.12
Zn 0.47 (0.09)a 0.55 0.38 0.76
Cr 0 (3.76)a 0
V 0 (1.83)a 0
Mn 0 (0.23)a 0
W 0 (6)a 0

a Numbers in parentheses give the wt % in the unslid disc and pin
(see the Supporting Information, 1).
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an enhancement in P, disappearance of Cr, V, Mn, and W,
and appearance of Si and S. The latter suggests that the pin
surface is covered with a tribofilm. Whether the silicon
detected is embedded silicon or silicon in the tribofilm is not
clear at this stage.

The O1s spectra (28, 29) (see Supporting Information 7)
indicates the presence of iron and zinc oxide (530.2 ( 0.1
eV), polyphosphate, sulphate, carbonate, and hydroxide in
non-bridging oxygen (531.8 ( 0.1 eV) and phosphates
(linked) in bridging oxygen (BO - 533.4 eV). The Fe2p and
P2p spectra (see Supporting Information 8) indicate the
presence of zinc orthophosphate (Zn3(PO4)2 -132.9 eV), and
iron phosphate (FePO4 -713.8 eV). There are traces of
organo sulphur, sulphides, and sulphates on the pin surface.

The C1s spectrum indicates the presence of substantial
amount of carbonyl functions (CdO) in the tribofilm. Table
2 shows the O2p spectra summary to indicate the presence
of zinc pyrophosphate on the pin. The table also shows a
low ratio of BO/NBO for the pin indicating short linkages of
the phosphates. The disc shows an almost identical O1s
spectrum, except that it has a higher BO/NBO ratio (Table
2), indicating the presence of longer-chain phosphates.

3.2. Mild Wear Regime. Figure 6 shows that most
of the protruding silicon particles disappear after 2 h of
sliding in the MW regime, whereas Figure 7 shows that a
conformal (to the spherical pin geometry) plastic groove
develops, the groove depth increases in time (see pile up in

FIGURE 5. FIB sectioned subsurface in the UMW regime showing interfacial delamination around the silicon particles when the surface is slid
for 40 h. SD is perpendicular to the plane of the paper.

Table 2. Summary of Oxygen 2p Peaksa

sample peak area (%) species BO/NBO,R
theoretical value
of R, (Martin 99) phosphate type (Martin 99)

Al-Si disc, 12.7 MPa, 40 h 529.9 16.23 oxide 0.45 0.41 < R < 0.47 R ≈ 0.47, Zn20P38O115

531.7 21.91 NBO
532.81 38.34 C-OH
533.41 9.83 BO
534.31 13.68 C-O

Al-Si disc, 25.4 MPa, 40 h 530.00 29.32 oxide 0.29 0.19 < R < 0.36 mixture of Zn2P2O7 (R ≈ 0.19) &
Zn4P6O19 (R ≈ 0.36)531.70 15.63 NBO

532.84 31.05 C-OH
533.4 4.52 BO
534.43 19.48 C-O

steel pin, 12.7 MPa, 40 h 530.01 26.95 oxide 0.21 0.19 < R < 0.36 R ≈ 0.19, Zn2P2O7 (pyrophosphate)
531.71 27.18 NBO
532.61 30.23 C-OH
533.38 5.65 BO
534.44 9.99 C-O

steel pin, 25.4 MPa, 40 h 530 31.56 oxide 0.36 R ) 0.36 Zn4P6O19

531.7 22.73 NBO
532.6 27.03 C-OH
533.4 8.10 BO
534.4 10.58 C-O

a The peaks were deconvoluted into five peaks based on the results present in ref 29. The estimated error in the binding energy is within (0.2
eV and area fraction within 8%.
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panels c and d in Figure 7). The subsurface is severely
damaged in plasticity which promotes the formation of
subgrains near the surface (Figure 8). Table 1 shows a
significant enhancement of Mo, S, and Zn on the pin surface
over what was detected in the UMW regime. Further, unlike
in the case of UMW regime, no Si is detected on the pin
surface. The XPS results (Table 2) show polyphosphate on

the pin surface, and a mixture of polyphosphate and ortho-
phosphate on the disc surface.

The minor chemical difference between the UMW and
MW regimes is that the higher pressure reduces the quantity
of hydrocarbon (oil) and increases the presence of sulphides.
The major difference is that higher pressure in the MW
regime generates greater quantities of MoS2 on the pin

FIGURE 6. 3D topography of worn surfaces slid at 24.5 MPa for (a) 0, (b) 2, (c) 12, and (d) 40 h. The dark red color represents the highest part
of the surface and the dark blue represents the deepest part of the surface.

FIGURE 7. 2D profiles of the wear tracks formed at 24.5 MPa for different sliding times: (a) 0, (b) 2, (c) 12 h, and (d) 40 h.
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(Figure 9) and a greater quantity of FeS2 on the disc than
what is achieved in the UMW regime. MoS2 is a strong
antifriction agent while FeS2 is an amorphous material (30),
which protects the iron from oxidation, and is thus an
antiwear agent (31). Otherwise, the XPS data obtained from
both the pin and disc surfaces show the formation of glassy
polyphosphates as well as some polymerized phosphate.

4. DISCUSSION
The polyphosphates, FeS2, FePO4 detected on the pin

surface in the UMW regime suggests that even at this very
low contact pressure, the ZDDP additive decomposes and
forms a tribofilm. We believe that the nascent iron (8, 9),
generated by abrasion of the pin by the protruding silicon
particles catalyses the decomposition. There is a cataionic
exchange that replaces Zn in ZDDP with iron to give rise to
a more unstable compound, which decomposes readily to
yield a host of reaction products. These reaction products,
however, do not participate in yielding low friction in the
UMW regime. We believe that this happens because the
reaction products migrate to the valleys between the silicon
columns, and the only contact at the low sliding time is
lubricated ploughing/abrasion of iron by sharp silicon par-
ticles, and the abrasion of the silicon particle by the Si(OH)4

embedded on the soft pin (see schematic, Figure 10). Lateral
force microscopy of the protruding silicon particle in an oil
medium with a Si3N4 probe gave a coefficient of friction of
0.11-0.17 (in the normal load range of 30-70 nN). The
corresponding coefficient of friction for the steel probe is
about 0.09. The coefficient of friction recorded at the com-
mencement of sliding in the UMW regime is 0.11-0.12
(Figure 1b). With increasing sliding time, the silicon particle
height is distributed more uniformly (Figure 2a), giving rise
to an increase in contact area and a consequent increase in
the friction force (Figure 1b) at 12.7 MPa. Although this (µ
increasing with sliding time) happens for about 30 h of
sliding (Figure 11), the silicon particles wear out gradually.
In the process, a new dissipation mechanism which results
in a reduction of coefficient of friction with sliding time is
ushered in. We believe that the silicon particles wear out with
sliding, the tribofilms on the pin and the disc come into
contact with each other, replacing gradually the predomi-
nance of the high friction abrading contact by low friction
contacts where the tribofilm is sheared. As more such
patches of “tribofilm contact” occur, the area average, of the
abrasion friction by the silicon particle on the pin, and the
tribofilm friction, would decrease. Figure 11 shows this
phenomenon for different contact pressures. At the highest
test pressure of 19 MPa within the UMW regime, the friction
coefficient after 140 h of sliding declines to 0.06, a value
characteristic of steady state MW friction.

The major difference between the reaction products
generated in the UMW and MW regimes is the presence of
a large amount of MoS2 in the latter, which is a strong
antifriction agent. As the pressure is increased from the
UMW to the MW regime, the molybdenum in the steel
replaces the Zn in ZDDP through a cationic exchange
(8, 30, 32). This exchange yields a relatively more unstable
compound, and further decomposition and recombination
gives MoS2 (33, 34). The contact pressure in MW regime is
more than that corresponding to the elastic shakedown limit
(6) of the aluminium-silicon alloy. Formation of subgrains
(Figure 8) in the subsurface testifies to the state of plasticity.
At the commencement of sliding the protruding silicon

FIGURE 8. FIB sectioned subsurface of the disc slid for 40 h in the MW regime showing plastic deformation in the near-surface region. SD is
perpendicular to the plane of paper.

FIGURE 9. Bar chart of FeS2 and MoS2 elements for pin and disc
surfaces slid for 40 h. The weight percent of the elements were
calculated from the XPS analysis without considering the oxygen
and carbon peak.
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abrades the pin yielding a friction coefficient of about 0.09.
The silicon particles in the first 2 h break and fracture,
reducing their height as they sink into the plastic matrix.
After 2 h of sliding, a near conformal smooth contact is
established between the pin and the substrate (Figure 7b).
At such times, the tribofilm with antifriction compounds of
MoS2, polyphosphate glass, FeS2 etc. (8, 9, 29, 31) become
operative over the whole contact area to establish a coef-
ficient of friction of 0.06, which is invariant with time.

One of the most interesting findings of this work is that
although there are two distinct stages of lubricated wear in
Al-Si alloys in the low pressure range, the distinction being
defined by the contact pressure, the friction is totally deter-
mined by the kinetics of the contact condition. The mor-
phology of the surface of this two-phase alloy is such that
the contact condition undergoes profound changes with

sliding time, so much so that at a given contact pressure in
the UMW regime, there is a sliding time after which the
coefficient of friction is the same as that achieved at a higher
pressure in the mild wear regime, albeit after a shorter
sliding time. This sliding time when the friction coefficients
of the two regimes converge depends on the contact pres-
sures operating in both regimes. For example, at a low
pressure such as 10-12 MPa in the UMW regime, it may
take more than 500 h for this convergence to occur, but
increasing the pressure to 19 MPa in the UMW regime causes
the sliding time required for convergence to decrease to
140 h to approach the coefficient of friction corresponding
to the MW regime. The same coefficient of friction is also
achieved at higher contact pressures of 25-27 MPa, but
after a much shorter time of only 1/5-2 h of sliding time
when the experiment is done in the MW regime. Until the
onset of the severe wear regime (50-70 MPa) (35), the
present work indicates that it is always possible to obtain a
low friction regime for these alloys, as long as adequate
sliding time is permitted. What the designer, however, has
to be careful about is that, although a low friction is attain-
able at any pressure, in this pressure range lie two regimes
of wear; and the MW rate is about three times that of the
corresponding UMW rate. Taking these facts into consider-
ation, it seems safe to limit the running-in pressure to the
higher limit of the UMW regime.

5. CONCLUSIONS
An aluminium-silicon alloy disc was slid against a steel

pin under lubrication at a low velocity (0.2 m/s) and two
pressures: 12.7 MPa, characteristic of ultra-mild wear (UMW),

FIGURE 10. Schematic diagram (not to scale) representing the interaction between aluminium-silicon alloy, steel counterface, and tribofilm
formed during sliding in the UMW and MW regimes. The schematic is not to scale.

FIGURE 11. Coefficient of friction plotted as a function of time at
different contact pressures.
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and 25.4 MPa, characteristic of mild wear (MW). The fol-
lowing conclusions can be made:

(I) There are three processes that simultaneously control
friction almost identically in the two regimes of wear:

(i) Abrasion of the steel counterface by silicon.

(ii) Wear of silicon and sinking of silicon into the matrix.

(iii) Generation of nascent steel chips by abrasion, which
aid to decompose the additives in the lubricant to yield
friction modifying chemical products.

The relative importance of the three processes at any
given sliding time is dependent on the average contact
pressure. The sliding time required to achieve an exclusive
chemically induced friction coefficient may be very long in
the ultra mild wear regime, whereas it may be quite short
in the mild wear regime. At very long sliding times, the
steady-state friction coefficients of the two regimes converge
to similar values of 0.06.

(II) Whereas the activities occurring at the sliding interface
in different regimes may generically be the same, the stress
state of the material in the slid subsurfaces may be qualita-
tively different in yielding different orders of wear. It is,
therefore, acceptable to delineate wear regimes by charac-
teristic magnitudes of wear and corresponding pressure
ranges (at constant velocity).
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