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The interactions of a commercially available fully formulated oil on an Al–Si alloy have been

studied, and a chemical and mechanical characterisation of the resulting surface films has been

undertaken to compare with the results found on 52100 steel. ZnS and Ca phosphate are the

primary species found. No Mo species were found in the film, but B was detected; the latter

observation contrasts with the results found for 52100 steel. A surprisingly consistent indentation

modulus was found for the films formed on A383, considering the complex microstructure of the

alloy, which has been shown previously to influence the mechanical response of the film

produced from zinc dialkyl dithiophosphates (ZDDPs) in oil. The stiffness of the films on A383 is

statistically indistinguishable from that found on 52100 steel, and the topography of the film also

looks unchanged compared to the steel study.
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Introduction
Al–Si alloys constitute a class of material that is being
used to replace cast iron components in automobile
engines. Benefits of the replacement to the car industries
include reduction in weight, resistance to corrosion,
good thermal conductivity and moderate costs. Al is
alloyed with Si to increase the strength of the material
and it is well known that Si solidifies in a separate hard
phase, which becomes the load bearing surface.

The first cylinder block with an Al–Si liner was used
by General Motors (GM) in the Chevrolet Vega
engine.1,2 The bore was electrochemically etched to
expose the primary Si grains on the surface. Experience
showed that bores that were not etched resulted in cold
scuff failures, and when over etched, resulted in high
piston wear and ring wear, most likely due to over
exposure of the Si grains that become dislodged in the
etching process, generating many hard third bodies.2

The Chevrolet Vega was discontinued at the end of the
1977 model year, and GM resorted back to cast iron.
However, the motivation to reduce vehicle weight and

increasingly restrictive environmental legislation, has led
to Al–Si alloys being considered again to replace cast
iron and steel in engines.

Much previous work has focused on the dry sliding of
Al–Si alloys,3–6 and very little on the lubrication of these
alloys.7–11 It is well known that the steel/Al couple is a
difficult system to lubricate even at modest loads,7,10 and
furthermore that additives added to formulated oils
protect steel, cast iron and Al–Si alloy surfaces, do so by
forming protective films.12,13 These studies have pre-
viously focused on films formed from only ZDDPs
diluted in base oils. The novelty of the present paper and
the preceding paper is the characterisation of the films
formed from fully formulated oils (FF oils).

Part 1 of the present study14 focused on the inter-
action of fully formulated oils with steel and the result-
ing chemistry, morphology and mechanical properties of
the antiwear films formed. In the present paper (Part 2),
the authors will report on the behaviour of the same oil
with an A383 Al–Si alloy and contrast the properties of
the two systems.

Experimental

Materials, composition of substrate and sample
preparation
Cylinder bores of the Al alloy, A38315 (,0?10%Mg,
,0?15%Sn, ,0?30%Ni, ,0?50%Mn, ,1?3%Fe, ,2?5%Cu,
,3?0%Zn, ,10?5%Si) were prepared at the GM
Research and Development Foundry (Warren, MI)
and were cut with a wire electric discharge machine
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(EDM) into square discs with dimensions of 126
1264 mm (¡0?5 mm). The discs were mechanically
polished with 600 and 1200 grit SiC paper and sub-
sequently polished with 0?6, 0?3 and finally 0?05 mm
alumina pastes (Ray24 nm, RRMSy43 nm). The discs
were then washed in methanol in an ultrasonic bath and
stored in air to dry.

Model compounds, antiwear film preparation
and coefficient of friction
Antiwear films were made on the polished, A383 discs in
a Plint high frequency wear tester. The commercial fully
formulated oil was Mobil 1 5W-30 and used as is. The
elemental metal composition and preferred functionality
of the Mobil 1 5W-30 (FF oil) is shown in Table 1 in
Part 1.

The coupons and 52 100 steel cylindrical pins (11 mm
in length, 6 mm in diameter) were cleaned in an ultra-
sonic bath using a light hydrocarbon solvent, and then
placed in the Plint high frequency wear tester. The FF
oil was poured into the Plint wear tester and the steel pin
was laid flat against the disc.

A 40 N load was applied to the pin for the A383
samples, compared to the 220 N load used for the steel
study (final contact pressure using a 40 N load was
between 92–250 MPa, comparable to the steel results
found in Part 1). The temperature was raised to the
desired value and maintained throughout the experi-
ment, and the pin was reciprocated with a stroke length
of 7 mm at a frequency of 25 Hz (0?35 m s21). The
software monitored the lateral force FT throughout the
experiment through the use of a strain gauge, allowing
for a calculation of the coefficient of friction m. The
conditions tested with the FF oil are presented in
Table 1 (tribofilms are named as in Part 1). After each
experiment, excess oil was removed from the discs
using tissue paper and then the samples were rinsed in
hexane.

Synchrotron radiation studies
Synchrotron radiation studies were carried out at the
Canadian Synchrotron Radiation Facility (CSRF) at
Stoughton, WI, USA and at the Canadian Light Source
(CLS) at the University of Saskatchewan, Saskatoon,
Canada.

The specifics of the experimental procedure appear in
Part 1.

Supplementary XANES data were obtained at the
CLS Inc., affiliated with the University of Saskatchewan,
Saskatoon.

Some P L-edge data were acquired on the variable line
spacing plane grating monochromator beamline cover-
ing an energy range of 5?5–250 eV, with a nominal
resolution of DE/E better than 161024.

Results and discussion

Chemical analysis
Phosphorus

The P K-edge total electron yield (TEY) spectra are very
similar to these for the 52100 steel, indicating Ca
phosphate as the main product with perhaps some Zn
phosphate.

We determined the average P concentration for
tribofilms in the same manner as in Part 1. Owing to a
very weak FY signal, the P concentration was deter-
mined to be very small (1?361016 atom cm22). This
indicates that the films formed on A383 are slightly less
concentrated than those formed on steel and those seen
previously from ZDDP (,17 nm assuming a uniform
Zn2P2O7 film composition). The authors have made
cross-sectional cuts in several arbitrary locations using a
focused ion beam (FIB) to mill the film. An example of a
tilt corrected FIB cross-sectional trench observed
through SEM is shown in Fig. 1. The film thickness
was found to range between 60 and 80 nm which is
thinner than the films formed on steel (Part 1).

Deconvolution of the P K-edge XANES has been
previously carried out11,16 to estimate the amount of
phosphorus species present as either unreacted ZDDP or
polyphosphate and the procedure can be viewed else-
where.7 The results of this method indicate that ,5% of
the P content remains as unreacted ZDDP with the rest
being transformed to polyphosphate, similar to the
results obtained on the steel surface (Part 1).

The P L-edge XANES data are shown in Fig. 2. The
origins of peaks are already described in Part 1 of this
study. A representative spectrum (tribofilm G) for all the
tribofilms discussed is shown, collected in both TEY and
FY mode and compared to several model compounds.
The shoulder s1 indicates a Ca phosphate, confirming
the P K-edge results and those obtained in Part 1.

The FY spectrum shows almost no intensity of peak 2,
when compared to the TEY spectrum. This indicates
that more unreacted ZDDP is present in the near surface
region, and almost none in the bulk of the film con-
sistent with previously obtained results.17,18 All acquired
spectra were consistent with a polyphosphate structure,
but the chain length of the bulk and near surface are

Table 1 Physical parameters tested with FF oil

Time, min Temp., uC

5 100 Tribofilm F
30 100 Tribofilm G
720 100 Tribofilm H
30 60 Tribofilm I
30 150 Tribofilm J

1 Tilt corrected SEM (electron yield mode) observation

of FIB cross-section of tribofilm G formed on A383:

SEM acquired at 2?0 kV and 6 mm working distance;

edge of trench is shown on left side of image
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different. As discussed in Part 1, the ratio of peak ‘a’ to
peak ‘c’ can yield information about the chain length.
The bulk of the film is comprised of polyphosphate of
a shorter chain length than the surface region, as
evidenced by the less intense ‘peak 2’ in the FY
spectrum. This is evident for all the films made on A383.

Molybdenum

No Mo L3-edge XANES spectrum could be obtained for
the film in either the TEY or FY mode for any tribofilms
formed on A383.

The authors attempted to make films at 220 N to test
if the original 40 N load was not producing high enough
contact pressures to form MoS2 or Mo oxide com-
pounds. However, similar spectra were obtained leading
the authors to believe that no Mo containing com-
pounds were incorporated into the tribofilm.

Boron

An brief introduction to boron chemistry is discussed in
Part 1, and given in further detail elsewhere.19 Figure 3
shows the B K-edge spectra (TEY mode) of tribofilms
and model boron compounds. In contrast to the results
obtained on steel, boron is incorporated into the
tribofilm under all the conditions with the exception of
the film formed under the longest rubbing time
(tribofilm H), which shows only a weak boron signal.
The remaining tribofilms show similar spectra to that of
tribofilm G. The main peak aligns nicely with that of
B2O3.

Calcium, carbon, oxygen and sulphur

The calcium and carbon spectra are very similar to those
shown in Part 1. Calcium shows two intense peaks which
are the L3 and L2 edges. The spectra do not indicate new
chemistry, but the data confirm the significant concen-
tration of calcium incorporated into the film.

The carbon K-edge XANES collected in FY is similar
to that shown in Fig. 7 in Part 1. The TEY collection
mode yielded similar results to the FY. A weak peak
which corresponds to carbonate, is present in the spectra
of the tribofilms. It is difficult to determine the chemistry
of carbon, since there are many potential sources such as
the oil (hydrocarbon base oil), ZDDP (alky groups),
detergents and salicylates, not to mention the optics of
the beamline. However based on the position of the
carbonate peak, some Ca carbonate is deposited in the
film, which usually occurs only at high concentration of
the detergent and a high degree of overbasing.20

The oxygen spectra are very similar to those shown in
Part 1, and will not be further discussed, except it should
be pointed out that Al phosphates would also lack the
pre-edge peak.

The S spectra were found to be the consistent with
those in Part 1, however no significant MoS2 intensity
was detected, as expected from the Mo L-edge spectra.
The film formed at 150uC (tribofilm J) showed the
presence of sulphate, while the remaining films (tribo-
films F–I) yielded spectra analogous to ZnS.

Zinc

The Zn L-edge spectra collected in TEY mode are
shown in Fig. 4. All the model compounds show intense
peaks at ,1025?8¡0?5 eV. Unfortunately, this peak is
not very useful for chemical identification of the Zn
species. As in Part 1, we do not see evidence for the
formation of ZnO (refer to Part 1 for spectra) in either

2 P L-edge XANES of tribofilm G: TEY spectrum was

acquired at CSRF grasshopper beamline, and FY was

obtained at plane grating monochromator beamline

situated at CLS (see text for details)

3 B K-edge XANES of select tribofilms
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the TEY or the FY spectra, which is usually believed to
be present as a product of the phosphate reactions.21 At
higher energies, the model compounds have markedly
different spectra which enables us to distinguish ZnS
from the different phosphates. The rich above edge
structure is currently being investigated by density
functional theory calculations, but from a qualitative
view point, several comments can be made.22

This spectrum looks remarkably different from that
found in Part 1. It appears as if the film consists of much
more ZnS than found in Part 1.

From Part 1, the deconvoluted peak areas give a
semiquantitative ratio of ZnS to zinc phosphate in the
wear scar (Fig. 5). All spectra were normalised to peak
A, and an arctangent background was subtracted. In
total, five peaks were fit (peaks A–E) for ZnS and the
tribofilms, and the ratios of integrated heights were
compared. Two peaks were fit for zinc phosphates and
ZDDP (for details, see Ref. 14). The averaged integrated
peak area for ZnS was found to range from ,54¡10%
from the normalised peak.

Based on the peak areas of the features beyond the
white line, we conservatively estimate the Zn content of
the film to be >85%ZnS (Table 2). However, the
alignment of all the satellite peaks are aligned to ZnS,

a more plausible estimation is >90%. In films formed
from ZDDP in base oil, it was determined that ZnS is
only a minor component of the overall film, and the Zn
is usually associated with P and not S.23 This behaviour
was also found for the interaction of fully formulated oil
with steel (Part 1). In contrast, the results obtained for
the Al–Si system show that a large majority of Zn is
present as ZnS.

X-PEEM

X-PEEM images were acquired for the FF oil antiwear
films. Spectra were generated for P, S, B, Ca, Mo, C, and
O.

Figure 6a and b respectively shows the secondary
electron X-PEEM image and the phosphorus X-PEEM
distribution map of tribofilm G obtained using the
internal model spectra shown in Fig. 6c. Details of the
X-PEEM analysis can be found elsewhere.24–27 Briefly,
spectra from pixels or regions of interest in the antiwear
film are compared with model spectra for different chain
lengths and assigned a colour based upon whether they
are characteristic of long or short chain polyphosphates.
A linear regression analysis was applied pixel by pixel to
the acquired image sequence, from which component
maps were generated, and regions corresponding to long
(blue) and short (yellow) chain polyphosphate distribu-
tion were constructed for tribofilm G (Fig. 6b). Regions
whose spectra match quite well to the internal model
spectra are coloured while black areas in Fig.6b indicate
the absence of a good fit to either model spectrum. This
analysis is only semiquantitative since the films are
probably complex mixtures containing a wide range of
chain lengths but the images do capture the overall
distribution of long and short chain polyphosphates.

The area analysed in Fig. 6b is primarily comprised of
short chain (yellow) polyphosphates (a/c50?41), with a

4 Zn L-edge XANES of representative tribofilm

5 Normalised and deconvoluted Zn 2p3/2 edge of repre-

sentative spectra for tribofilms F–J

Table 2 Peak ratios of deconvoluted Zn 2p3/2 L-edge:
peaks are normalised to peak A

A/A B/A C/A D/A E/A

ZnS 1 0.55 0.49 0.53 0.61
ZDDP 1 0.37 – – –
Tribofilm F–J 1 0.47 0.31 0.24 0.31
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few locations containing long chain (blue) polypho-
sphates (a/c50?56). See Part 1 for discussion about the
interpretation of a/c ratios.

Figure 7 is the B X-PEEM distribution map. Boron
was collected in second order harmonic due to the
limitation of the beamline. The peak which is usually at
y192 eV (see Fig. 3) appears at ,96 eV collected in
second order (not shown). Two regions were found in

the area analysed, one with no B signal (magenta areas)
and one with a weak B peak (green areas). As one can
see from Fig. 7, B is distributed over the region
analysed, albeit, regions where no B was measured,
appear. This coincides with the rubbing direction.

Unfortunately owing to the poor S/N, meaningful
spectra could not be extracted for the Mo L-edge
(although none were expected, see section ‘Molybdenum’),
or the S L-edge. Within the region of interest, no
internal chemical differences were found in the spectra
of Ca, O or C. As expected, Ca, C and O were evenly
distributed across the films.

SEM/EDX, AFM and indentation characterisation
Figure 8 shows the mapping SEM/EDX of the regions
studied by X-PEEM (Figs. 6 and 7) to identify and
attempt to correlate any chemical changes to surface and
subsurface components. Figure 8a is a 5?0 kV SEM
image collected in field emission mode to enhance the
surface sensitivity of tribofilm G. Figure 8b and c are
EDX elemental component maps for Si and Al respec-
tively. The brighter areas correspond to an abundance of
that particular element.

The authors have previously shown that long chain
polyphosphates form exclusively on the Si grains while
shorter chained species form on the Al matrix11,16 in
studies of films formed from ZDDP in oil. A comparison
of the images in Figs. 6b, 8b and c, indicate that a similar
effect is also observed in the present study, although the
distinction between Al rich and Si rich regions is not so
distinct. This means that regardless of additive, the
longer chain species forms on the Si grain.

Figure 9 is a representative 75675 mm2 AFM height
image of the tribofilm G. The film’s topography looks
very heterogeneous and similar to the FF film formed
on steel (Part 1). In the steel work, the topography
generated from the FF oil appears continuous with
exception of the trenches. No trenches are detected on
the Al–Si system, which the authors attribute to the
considerable difference in loads used (40 N for the Al–Si
experiments v. 220 N in the steel work).

Instrumented nano-indentation was performed on the
FF oil samples. Details of the instrumentation, calibra-
tion, calculations and assumptions are given else-
where.26,28 Topographic images were taken prior to
taking an indent and after indenting a region with the
same tip. Force–distance (f–d) curves were taken with

6 Phosphorus X-PEEM for tribofilm G a secondary elec-

tron image obtained with X-PEEM, b distribution map

and c corresponding spectra: yellow regions indicate

short chain polyphosphates and blue areas represent

areas of long chain polyphosphates; black areas are

regions where spectra did not fit well with either long

or short chain polyphosphates; regions of interest are

outlined which can be compared to Fig. 8

7 Boron X-PEEM distribution map for tribofilm G
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loads of 30 mN for the tribofilms, to minimise the
influence of the underlying substrate.

The indentation modulus Es* is a commonly used
value to compare the film’s stiffness without prior
knowledge of the material’s Poisson’s ratio, while taking
into account the mechanical influence of the indenting
tip. Table 3 evaluates the differing mechanical proper-
ties of the FF oil and compares these values to the
subcomponents of the substrate.16

The boxed regions in Fig. 9 were believed to be Si
grains in the near surface region, based on the SEM/
EDX data. Within statistical error, there does not
appear to be any mechanical differences between boxed
and non-boxed regions. From the SEM/EDX we know

the indenter is sampling the films formed on both the Al
matrix and Si grains. The values presented are assumed
to be a representative modulus for all the FF tribofilms.
It is not possible to determine whether any single
additive has a significant influence on the indentation
modulus versus the final formulated package. However,
the data indicate that the antiwear pads formed on A383
have similar mechanical properties to the FF pads
formed on steel (y125 GPa).

Friction coefficient and wear scar width
The averaged m value (calculated from a normal force
FN of 40 N) taken from all the FF oil samples, was
found to be 0?11¡0?01. This is typical for the boundary
lubrication regime of ZDDP films.29 The value is similar

Table 3 Indentation moduli Es* of different locations on
tribofilm G (see Fig. 9), presented with other
data pertinent for comparison

Indentation modulus Es*, GPa

Al matrix , 97
Si grains , 193
Boxed regions 108¡29
Non-boxed regions 99¡30

8 a field emission 5?0 kV SEM image for tribofilm G and

b, c mapping EDX of same region: brighter areas cor-

respond to abundance of that particular element

shown; regions of interest are outlined which can be

compared to Fig. 6

9 Representative contact 75675 mm2 AFM image for tri-

bofilm G: this area is same as displayed in Figs. 1, 6

and 9. The boxed regions are believed to be Si grains

(see text). The arrow designates rubbing direction

10 Wear scar width as function of rubbing temperature
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to that obtained for FF oil on steel (Part 1), as well as to
those previously reported in studies involving the A383
alloy.16

The wear scar widths as a function of rubbing
temperature for the films formed from FF oils are
compared to previous results from ZDDP only
(from Ref. 16 and unpublished results) and are given
in Fig. 10. The findings are once again contradictory
to the results found on steel (where the wear was
found to increase comparing FF oil to ZDDP itself),
by showing a significant decrease in wear for the FF
oil. These findings are consistent with our dual
additive study,30 where the improved wear behaviour
was attributed to the presence of a phenate. In the
dual additive study, MoDTC z ZDDP also showed
reduced the wear. This cannot explain the results in the
present study, since no Mo species were detected.
Furthermore, we have previously attributed the
decreased wear to the increased film thickness, and
from the present study we do not have evidence for
thicker films (indirectly related to P concentration & FIB
milling).

Conclusions
In Part 2 of the present study, the authors report on the
investigation of the chemical and mechanical properties
of tribofilms formed from FF oils on an Al–Si alloy
(A383). The following conclusions can be made.

1. Medium chain Ca polyphosphate film is formed.
2. No molybdenum was found in the film, while

evidence of B was found; the reverse behaviour was
found on 52100 steel (Part 1).

3. The chemistry of Ca, O, S and C (CO3
22) was

found to be similar to the work on steel (Part 1).
4. Approximately 85% of the film was found to be

ZnS, while ,15% was found to be unreacted ZDDP and
Zn phosphate.

5. B K- and P L-edge X-PEEM distribution
maps were generated, and compared to SEM/EDX
maps. Longer chain polyphosphate was correlated with
the Si.

6. The mechanical properties of the film formed on
the Si grains and Al matrix regions appeared to be
identical. This contrasts with the behaviour observed on
A383 rubbed in a lubricant of ZDDP in base oil.

7. One of the most surprising finds was the very low
wear found compared to ZDDP alone. This decrease in
wear with FF compared to ZDDP contrasts sharply
with the increased wear observed on 52100 steel. This
might be a very significant observation with respect to
identifying lubricant packages which are effective on Al–
Si alloys.
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