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The simulation of the lubrication of aluminum–silicon (Al–Si) alloy cylinder-bore conditions is an important goal in automotive

tribology. This study describes the use of X-ray absorption near edge structure (XANES) to determine the macro-chemistry of

zinc-dialkyl-dithiophosphates (ZDDPs) antiwear (AW) films formed on A383, an Al-Si alloy. The temperature dependence of the

chemistry and mechanical properties were examined using X-ray photoelectron emission microscopy (X-PEEM), and imaging

indentation techniques. Our findings suggest that ZDDPs break down to form polyphosphate glasses, which have different chemical

natures and depend on the underlying substrate. Furthermore, the chemical nature of the films appears temperature dependent on

both the macro- and micro-scale. Not only are the chemical species different, but the mechanical properties also differ, depending

on the region upon which an AW pad is formed. Through the use of focused ion beam (FIB) milling, we can determine the film

thickness, which was previously estimated from the P K-edge XANES areal density of samples with known thicknesses.
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1. Introduction

Aluminum–silicon (Al–Si) alloys constitute a class of
material that are being used to replace cast iron parts in
automobile engines. Benefits of the replacement to the
car industries include resistance to corrosion, good
thermal conductivity, and moderate costs. Aluminum is
used specifically to reduce weight compared to steel, and
is alloyed with silicon to increase the strength of the
material. It is well known that silicon solidifies in a
separate hard phase, which becomes the load-bearing
surface.

The first cylinder block used 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 the tradi-
tional steel liners. 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/alu-
minum couple is a difficult system to lubricate even at
modest loads [7,10], and furthermore that additives
added to formulated oils that protect steel and cast iron
surfaces, do so by forming protective films [12,13].

The most widely studied lubricant additives, due to
their antiwear (AW) and antioxidant performance are the
zinc dialkyl-dithiophosphates (ZDDPs) which have been
the subject of recent review articles [12–15]. ZDDPs are a
class of engine oil additive that work in conjunction with
other objective-specific additives (i.e., friction modifiers,
detergents, dispersants). In boundary lubrication,
ZDDPs are capable of forming an amorphous protective
solid film (AW film, tribofilm), which prevents direct
contact of the rubbing metals [13,16,17]. The AW action
of the AW films, which are composed of polyphosphates
of varying chain length, has been attributed to the resil-
iency of the films, as the film bears the load between the
surfaces in contact, thereby reducing wear.

Recently, Hershberger et al. [18] using very
high-ZDDP concentrations has provided insight about
the role of the Zn cation in the formation of polyphos-
phate glasses. It was shown that with X-ray fluorescence
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that the Zn atom concentrations in the thermal films are
distinctly higher than for tribologically prepared sam-
ples, and furthermore an atomic concentration thresh-
old was found for the Zn atoms in the films based upon
the ZDDP concentration. The cation composition in the
polyphosphate films is dependent on the available
sources. Much early work has shown that when ZDDP
is the only additive studied, Zn is the cation principally
associated with the polyphosphate [19–22].

Hsu and Gates [17] briefly explains the importance of
the dual role of the mechanical properties of thin AW
ZDDP-derived films. AW films must be both hard and
capable of bearing a load under high-stress conditions,
but must also behave as a softer, shearable material.
This dual action of the film is required to distribute the
contact forces in order to prevent damage to the surface
it is protecting.

These films have recently been studied by imaging
nanoindentation and have exhibited unique mechanical
properties [16,23–25]. The indentation moduli of the
films formed on steel surfaces were found to vary with
location and size of the pads. Nicholls et al. [24] found
values for Es

* ranging of �81.0 GPa for AW pad ridges
and �25.0 GPa for AW pad valleys for films formed on
steel. Graham et al. [26] reported an indentation mod-
ulus as high as 209±38 GPa in the center of large pads.
Nicholls et al. [27] and Pereira et al. [11] reported Es

*

values ranging �77 GPa for the tribofilm on different
Al–Si alloys. Al–Si alloy surfaces are more complex than
steel surfaces in the sense that the underlying micro-
structure seems to play a role in the mechanical response
of the AW film [11].

Although these films have been extensively studied
through a variety of techniques (mainly on steel sur-
faces), the formation, specific location, and structure of
the AW films are still only partially known. Various
surface analysis techniques have been employed to elu-
cidate and characterize tribofilm formation: e.g., AES,
XPS, ToF-SIMS, X-ray absorption near edge structure
(XANES), and X-ray photoemission electron micros-
copy (X-PEEM). Arguably, XANES is the most sensi-
tive analytical tool for our branch of studies. Oxidation
state and degree of polymerization of the absorbing
atom can be obtained by comparing the spectra with
those of model compounds. X-PEEM permits XANES
spectra to be obtained with �100–200 nm lateral reso-
lution [28–30], providing elemental and chemical infor-
mation at this length scale. XANES spectra of the
energy specific absorbing atom can be obtained and
corresponding images can be recorded at incremental
photon energies.

X-PEEM has found wide-ranging applications in
biology, medicine, geology, archaeology, and materials
science [29,31] and has already been applied to study
many tribological systems. Canning et al. [32] was the
first to use X-PEEM to study tribological films formed

on steel, which eventually led to correlated nanoscale
chemical and mechanical characterization of AW films
formed on steel. Different chemical species (ZDDP and
phosphate) can be readily imaged and selected features
correlated to the substrate [11,23,25]. X-PEEM has
allowed us recently to show that effective AW films,
which consist of longer chain-length polyphosphate
glasses, develop selectively on the silicon grains on a
near hypereutectic Al–Si alloy [11].

Atomic Force Microscopy (AFM) can provide de-
tailed topographical information on the tribofilms. This
information, obtained at ambient temperature, repre-
sents a steady-state ‘‘snapshot’’ of the surface at the end
of the rubbing experiment, which we utilize to develop
an understanding of the film formation. The mechanical
properties of the same region can then be determined by
imaging nanoindentation.

Understanding the friction characteristics of ZDDPs
used to lubricate novel materials is important in order to
assess the level of interaction between the two rubbed
materials. The coefficient of friction (l) is a value found
to be material and condition dependent [33]. Numerous
friction studies involving engine oil additives are pre-
sented in literature [34–36]. For very light loads, the
friction is controlled by elastic contacts of the asperities
and viscous drag of the lubricating oil [37].

The aim of this study is to investigate how the tribofilm
forms under several conditions using a multi-technique
approach on an Al–Si alloy, which is under consideration
for use in cylinder bores, and other engine components.

2. Experimental

2.1. Sample preparation

Cylinder bores of the aluminum alloy, A383 [38]
(�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 theGMResearch andDevelopment Foundry
(Warren, MI, USA) and were cut with a wire electric
discharge machine (EDM) into square disks with
dimensions of 12� 12� 4 mm3 (±0.5 mm). The disks
were mechanically polished with 600 and 1200 grit SiC
paper and subsequently polished with 0.6, 0.3, and finally
0.05 lm alumina pastes. The disks were then washed in
methanol in an ultrasonic bath and stored in air to dry.

2.2. Morphology and topography data acquisition

Atomic force microscopy topography images were
compiled for all the samples in air, using a Nanoscope
IIIa equipped with a Multimode� head (Digital Instru-
ments, Santa Barbara, CA, USA). The images were
collected in contact force mode with a V-shaped silicon
nitride cantilever possessing a nominal spring constant
of 0.12 N/m.
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The SEM/mapping EDX data were collected at
Surface Science Western, located at the University of
Western Ontario, using a Hitachi S4500 SEM equipped
with an EDAX� light element EDX microanalysis sys-
tem. The images presented were acquired with a 5 kV
acceleration electron beam voltage, a 17 mm working
distance, and a 30� tilt in the field emission mode.

2.3. Antiwear film preparation and characterization

Commercial ZDDP consisting of secondary butyl
groups (85%) and n-octyl groups (15%) in MCT-10
base oil were obtained from Imperial Oil (ESSO) of
Canada. ZDDP solutions were prepared by mixing
ZDDP concentrate in MCT-10 base oil.

Antiwear films were made on A383 using steel pins in
a Plint high-frequency friction machine. The A383 disks
and cylindrical 52100 steel pins were cleaned in an
ultrasonic bath using a light hydrocarbon solvent, and
then placed in the Plint high-frequency wear tester. The
ZDDP solution was placed in the Plint wear tester and
the steel pin was laid flat against the disk (cylindrical
face in contact with the surface). The normal applied
load was 40 N [calculated maximum contact pressure
after experiment ranged from 5 –to 45 MPa, which de-
pends on the wear scar width (WSW)]. The software
monitored the temperature and lateral force (FT)
throughout the experiment. The coefficient of friction
(l) is a calculated ratio between FT and the normal force
(FN) given by equation (1);

l ¼ FT

FN
: ð1Þ

We present the coefficient of friction (l) values as a
measure of relative interaction of the rubbed surfaces.

The influence of various experimental parameters was
studied independently, changing one variable at one
time (table 1). Parameters such as load, frequency,
rubbing time, temperature, and ZDDP concentrations
were tested. After each experiment, excess oil was
removed from the disks using tissue paper and then the
samples were rinsed in hexane.

A grid consisting of indented marks was created using
a Vickers hardness tester using loads of 100 and 500 g,

which made indents �25 and �100 lm across, respec-
tively. The distance between the indents was �100 lm
and the larger indents were used to generate identifiable
features for easy relocation.

The grid allowed for relocation of the same region
with multiple techniques. The wear tests were made in
duplicate.

2.4. XANES Spectroscopy and X-PEEM
Spectromicroscopy data acquisition

XANES data were obtained at the Canadian Syn-
chrotron Radiation Facility (CSRF) [39], situated at the
1 GeV Aladdin storage ring, University of Wisconsin,
Madison, USA. Phosphorus, and sulfur K-edge
XANES spectra were obtained on the double-crystal
monochromator (DCM) [40] covering an energy range
of 1500–4000 eV with photon resolution of 0.8 eV.
Phosphorus, and sulfur L-edge XANES spectra were
obtained on the Grasshopper soft X-ray beamline cov-
ering an energy range of 70–900 eV with photon reso-
lution of 0.2 eV at the phosphorus L-edge. The energy
scales for the phosphorus K- and L-edges were cali-
brated using pure ZDDP [19]. The energy scale for
sulfur K- and L-edges was calibrated using ZnS and
FeS2 [19,41,42]. The analyzed area was about
2� 2 mm2. The photoabsorption spectra for both the
model compounds and samples were recorded in the
total electron yield (TEY) mode and fluorescence yield
(FY) mode for both surface and bulk sensitivity [43]. All
spectra shown in this paper are an average of three scans
that were digitally combined and normalized, with a
linear background subtracted using the BAN program
(T. Tyliszczak, unpublished data). The assignment of the
fine structure in XANES was carried out using model
compounds obtained by the authors or by comparison
to previous results.

Peak fitting was performed to provide semi-quantitative
results for the amount of each, phosphorus and sulfur
species, present in the wear scar. Phosphorus and sulfur
K- and L-edge spectra were fitted using the BGAUSS
program (T. Tyliszczak, unpublished data). Peaks were
fitted using a Gaussian line and specific constraints to
the element’s absorption edge, similar to previous efforts
[7]. An arctangent step function representing the tran-
sition of ejected photoelectrons to the continuum has
been fitted to the spectra. The peak widths and positions
for the spin-orbit splitting were fixed to be equal. The
decay of the arctangent was also fixed for each fit. All
other parameters were allowed to vary. In some in-
stances, the Gaussian peaks representative of the phos-
phorus and sulfur species were fixed to specific energy
positions close to what was expected for the particular
species. The relative fraction of each species was calcu-
lated by determining the area of the Gaussian peak for
that species divided by the total area of all the Gaussian

Table 1.

Variation of the physical parameters studied. AW films were made

under lubrication conditions outlined in the text on the A383 sub-

strate. All parameters were studied independently changing one vari-

able at a time.

Experimental variables Conditions

Load (N) 15, 25, 40

Time (min) 5, 30, 720

Frequency (Hz) 15, 25, 40

Temperature (�C) 60, 100, 150

ZDDP concentration in MCT-10 base oil (%) 0.3, 0.6, 1.2, 2, 100
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peaks for each phosphorus species present in the wear
scar. These fractions of the phosphorus species were
then compared to calibrated polyphosphate compounds
with known chain lengths whose peaks have been fitted
in the same manner.

X-PEEM was performed using the SPHINX [31]
microscope (ELMITEC GmbH) installed on the HER-
MON beamline using the low-energy grating ranging
between 62 and 144 eV at the 1 GeV Aladdin storage
ring, University of Wisconsin, Madison, optimized to
give �0.2 eV resolution at the phosphorus L-edge (for
details see Refs. [23,31,44]). Image intensity in X-PEEM
is proportional to the TEY and the surface sensitivity
was limited by the escape depth of the secondary elec-
trons at the phosphorus L-edge (3–5 nm) [44,45]. Spec-
tromicroscopy images were taken with a 0.2 eV step size
from high energy to low energy. A 100-lm field of view
was chosen for the selected area with a resolution of
�200 nm per pixel. The images were combined to pro-
duce a three-dimensional data set or spectromicroscopy
‘stack’ [46] that was analyzed to extract detailed chem-
ical information about the tribofilm using aXis2000
software [46,47]. The software allowed for selection of
regions of several pixels in size to extract XANES
spectra. Stacks were acquired at the phosphorus L-edge
(130–144 eV) and analyzed for differences in chemistry.

Unfortunately, the low-energy grating of the beam-
line limited the remaining elements to be collected in
second order (Bragg equation). Signals acquired at the
aluminum (70–90 eV) and silicon (90–130 eV) L-edges,
but were generally noisy and too weak to obtain
meaningful spectra.

Rectangular cross-sections of the AW films studied
by X-PEEM were excised with a focused ion beam (FIB)
installed on a LEO 1540XB scanning electron micro-
scope at the Nanofabrication Laboratory, at The
University of Western Ontario. The ions used for
machining were gallium (Ga+) with a current of 50 pA
for 300 s. The AW film thickness was averaged along the
cut. Imaging with the SEM was done prior to and after
the FIB milling.

2.5. Nanomechanical property and wear performance

The mechanical properties of the substrate and AW
films were investigated using a Hysitron Triboscope�.
This system has the capability to produce topographic
images of a surface directly before and after indenting,
using the force transducer. Details of the specific
instrumentation and setup are given elsewhere [24]. An
AFM J-scanner was used to image the surface. The
three-sided diamond Berkovich indenter with an elastic
modulus (Ei) between 1000-1140 GPa, a Poisson ratio
(mi) of 0.07 and a tip radius of curvature between 110
and 130 nm was used for all indentations. Topographic
images were taken before and after indenting a region. A

certain preset force was applied and the resulting depth
of penetration of the indenter is recorded. Both the
loading of the preset force and unloading was moni-
tored. The elastic modulus was extracted using the
Oliver–Pharr method [48] from the unloading section of
the force–distance (f–d) curve. The range of applied
loads studied was 30–300 lN.

The WSW of the steel pins was measured using a
calibrated optical Zeiss Axioplan microscope over 10
random regions along the length of the pin. The values
of the WSW are used as a measure of wear performance.

3. Results and discussion

3.1. Macro-chemistry of the tribofilms

Figure 1 compares three tribofilms (A–C—table 2)
analyzed using the phosphorus L-edge. The L-edge for
phosphorus probes electronic transitions from the 2p
orbitals to unoccupied higher level s and d orbitals [19].
To help elucidate the chemistry of the film, we compare
the spectra of the films with those of model compounds
of known structure and geometry. The L-edge spectra
provide results that is appreciably more surface sensitive
(better resolution), and better detailed [45] than the
P K-edge. The L-edge and P K-edge spectra (see below),
are consistent with previous studies of boundary lubri-
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Figure 1. Phosphorus L-edge XANES spectra of unreacted ZDDP,

model compounds Zn4P6O19 and AlPO4, and three tribofilms. The

conditions under which tribofilms A–C were made are shown in

table 2. Tribofilm A was made under 40 N, 25 Hz, 30 min, 1.2%

ZDDP, and 100 �C. Tribofilm B was made at 200 �C, and tribofilm C

was rubbed for 720 min.
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cation of steel pins on steel surfaces, and other Al–Si
alloys, in showing that the shift of the tribofilm peaks
compared to those in ZDDP, are consistent with the
formation of a polyphosphate glass [7,11,49–51].

The shoulder on the low-energy side of the peak la-
beled ‘a’ of the tribofilms has been identified as origi-
nating from unreacted ZDDP (which is aligned with
ZDDP’s peak 2); this is also consistent with the P K-
edge XANES [7,11,49,51]. All tested conditions showed
some indication of unreacted ZDDP. The unreacted
ZDDP is most probably embedded or entrapped in
grooves and valleys carved by the asperity contacts.

The spectra presented in figure 1 (tribofilm A) closely
resemble the spectra obtained by Nicholls et al. [7] for
the 52100 steel pin rubbing against other Al–Si alloys,
both A6061 and A319, and by Pereira et al. [11] for the
etched Silitec 5� alloy. The principal difference in the
substrates is the silicon content; the Silitec 5 alloy has a
higher Si weight percentage, while the A6061 and A319
have lower Si weight percentages than A383.

We immediately notice that peak ‘a’ of AlPO4 is
shifted to higher energies compared to that of the
tribofilms. Thus, the formation of AlPO4 in the tribofilm
is unlikely. The appearance of the peak labeled ‘L’ has
been attributed to the formation of an intermediate
linkage isomer (LI) of ZDDP [7,50]. Suominen-Fuller
et al. [50] have observed the formation of the LI in
thermally generated films at 150 �C. The authors suggest
that LI is an intermediate of the ZDDP decomposition
process that eventually decomposes into a polyphos-
phate. The LI is a rearranged form of ZDDP in which
an alkyl group has transferred from an oxygen atom to a
sulfur atom. This rearrangement results in a higher
formal charge on the P atom, causing a shift to higher
energy [50]. An LI has been observed on certain AW
films formed on other Al–Si alloys after rubbing [7,9],
although most work has been done at lower temperatures.

Yin et al. [52] have shown that the ratio of intensities of
peaks a : c and b : c increases with increasing polyphos-
phate chain length. Nicholls et al. [23] have provided a
calibration curve assigning the a : c intensity ratios from
thePL-edge.Wehave previously [11] assigned short chain
polyphosphates to have 10 or fewer P atoms in a poly-
phosphate glass corresponding to an a : c ratio of �0.44
or less. Long chain polyphosphate species (defined as
chains containing 35 or more P atoms), result in an a : c
ratio of �0.60 or greater. Medium to short chained po-
lyphosphates therefore are characterized by an a : c ratio
between �0.44 and �0.60, and consist of chains con-
taining between 10 and 25 P atoms.

A peak fitting procedure was used to estimate the
polyphosphate chain length of the tribofilms. An
example of peak fitting is shown in figure 2 for tribofilm
B. Three peaks were assigned for ZDDP (for details of
assignment see Refs. [19,23,24,53]), and another three
peaks were assigned for the LI initially at �135.6 eV
with the same shifts as for ZDDP. The polyphosphate
glass was fit with four peaks and an arctangent back-
ground was subtracted. The deconvoluted area of peak a
relative to peak c was found to be 0.26, implying a short
chain polyphosphate network. The spectra shown in
figure 1 indicate that tribofilm A (a : c� 0.44) is a short
to medium chain or network of polyphosphates, and
tribofilm c is made of short networks of polyphosphates
(a : c� 0.33).

Previously, Yin et al. [51] have suggested that ZDDP
decomposes much faster on steel coupons rubbed by
steel pins at elevated temperatures and generates shorter
chains of polyphosphates when compared to lower or
ambient temperatures (other parameters remaining
constant). The intensity of pre-peak shoulders for the
tribofilms (which align with peaks 1 and 2 of ZDDP) are
decreased at higher temperatures, supporting the find-
ings on steel [51] and also on other Al/Si alloys [54].

Table 2.

Tabulated experimental parameters, whose spectra is presented.

Tribofilm A 40 N, 30 min, 25 Hz, 100 �C, 1.2% ZDDP

Tribofilm B 40 N, 30 min, 25 Hz, 150 �C, 1.2% ZDDP

Tribofilm C 40 N, 30 min, 25 Hz, 100 �C, 0.3% ZDDP
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Figure 2. An example of peak fitting performed on the P L-edge

XANES data to determine the polyphosphate chain length. This

example is for tribofilm B. Peaks were fit for unreacted ZDDP, the LI,

and the polyphosphate glass. The peak at �135.6 eV originates from

the LI, fit in the same manner as ZDDP (see text for details).
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In the same report, Yin et al. [51] have used P L-edge
XANES to compare the effects of the concentration of
ZDDP on the formation of various species on steel
surfaces. Our results provide evidence that un-reacted
ZDDP (which aligns with peak 2 (figure 1)) decreases
significantly when the concentration of ZDDP is
decreased from 1.2 to 0.3%. Current U.S. environmen-
tal laws regulate maximum P content in passenger
vehicles to 0.1%, resulting in a ZDDP concentration of
�1% [18], which has also been found to be close to the
optimum ZDDP concentration range for the AW regime
[55]. Chao et al. [55] has suggested that increasing
ZDDP concentrations promote thicker films, which are
also formed more rapidly. In addition, he suggested that
lower concentrations of ZDDP will lead to significantly
less adsorption on the surface, resulting in the formation
of shorter chain polyphosphates. The data in figure 1
are in agreement with both findings.

Figures 3 and 4 show the phosphorus K-edge spectra
collected in the TEY mode for the tribofilms on A383.
Figure 3 shows three tribofilms prepared under different
conditions (table 2). The spectra are characteristic of
typical P K-edge XANES spectra for phosphates. The
explanation of the absorption features has been
described elsewhere [24]. There is a discernible shift in
the main peak from ZDDP (peak a) compared to any of
the main peaks of the model compounds (peaks b and
c). The shift between peak a (ZDDP) and peak b and c

(model phosphates) are attributed to the environment of
the absorbing P atom. In ZDDP, the P atom is coor-
dinated to two sulfur atoms and two oxygen atoms,
whereas in phosphate, the P atom is coordinated to four
oxygen atoms, causing the observed shift in absorption
energy, as previously described [24]. This is evidence that
the P atoms in the tribofilms have a different chemical
environment compared to that of unreacted ZDDP, and
chemically resemble the phosphate model compounds.
The shift between the model zinc phosphate (Zn4P6O19)
and the model aluminum phosphate (AlPO4) is attrib-
uted to the strength the cation has on shielding the core
P atoms in excitation [19]. The shoulder labeled ‘a’ on
the tribofilms is evidence that unreacted ZDDP is
present which is in agreement with the P L-edge find-
ings.

Peak fitting was performed to provide semi-quanti-
tative results for the amount of phosphorus species
present as either unreacted ZDDP or phosphate in the
wear scar. An example of peak fitting is shown in
figure 4 for tribofilm A. The discussion of how the peaks
were fit is given elsewhere [7]. Briefly, the relative frac-
tions of each P species was calculated by determining the
area of the fit Gaussian peak for that species, divided by
the total area of all the Gaussian peaks for each P spe-
cies present in the wear scar. It was found that the
percentage of phosphate present in the film was
�83±7% under almost all conditions. High tempera-
tures (150 �C) and long-rubbing times (720 min) gener-
ated the most phosphate species (>91%), attributed to
the extreme conditions from which these films were
made, consistent with results on steel [51].
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Figure 3. Phosphorus K-edge XANES spectra of unreacted ZDDP,
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to determine the relative percentage of phosphorus species detected in

the wear scar. This example is for tribofilm A (table 2 ).
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Due to the high-sampling depth of the energetic
P K-edge photons, the mass thickness of the tribofilms
can be determined from the fluorescence intensities cal-
ibrated via the particle induced X-ray emission (PIXE)
[56]. The thickness can then be estimated from the mass
thickness assuming a uniform polyphosphate with stoi-
chiometry Zn2P2O7, and a density of 3.75 g/cm3. From
this method, the average film thicknesses for tribofilm A
and B were found to be 40±2 and 42±4 nm, respectively.

3.2. Spatially resolved chemistry of the tribofilms

X-PEEM measurements were carried out on repre-
sentative areas of the tribofilm. Through the use of
fiducial marks, the same areas were examined using
several techniques. Figures 5 and 6 present topographic
and chemical maps for tribofilms A and B obtained by
AFM, SEM-EDX, and X-PEEM. Figures 5(a, b) and
6(a, b) are 50� 50 lm2 AFM height and deflection
images of the respective tribofilms. Markers (labeled
A–D) are outlined for future reference. The dashed lines
in figures 5(a) and 6(a) are cross-sections in which
regions were cut with the FIB, and will be addressed

later. The dashed boxes in figures 5(b) and 6(b) are re-
gions that exhibited different mechanical responses, as
will be further discussed.

The topography detected in the height image of
tribofilm A (figure 5(a)) looks quite uniformly leveled
around the cavities shown in the center of the image
compared to tribofilms formed on other Al–Si alloys
under similar conditions [11]. We do not see large pads
( >10 lm) elongated in the sliding direction as was
previously observed from the tribochemical decompo-
sition of ZDDP on steel surfaces [26], consistent with
previous studies on other Al–Si alloys [11]. The flatter
features surrounding the cavities labeled ‘A’ and ‘B’ are
better displayed in the deflection images, because
topography is suppressed and edges are enhanced
showing a ‘sharper’ image. The deflection images show a
uniform patchy region surrounding some very rutted
and coarse areas.

Deflection images are displayed because they posses
richer contrast compared to their equivalent AFM
height images. The morphological differences between
the Al–Si alloys are most likely related to how the
substrate was prepared and treated. The Silitec 5 alloy
(23–26% Si) [11] has a more uniform size and narrow

Figure 5. Chemomechanical mapping of tribofilm A. The region shown was analyzed by multiple techniques. Regions of interest are indicated

that can be compared throughout the chemomechanical map. Figure 5(a, b) is 50� 50 lm2 contact AFM height and deflection topography

images. The dashed lines and boxes are explained in the text. Figure 5(c) is the X-PEEM distribution map of the region analyzed of tribofilm A.

The yellow regions indicate short chain polyphosphates and the blue areas represent regions of long chain polyphosphates. Black areas are

regions where the spectra were not fitted well with neither long nor short chain polyphosphates. Figure 5(d) A field emission SEM image and

figure 5(e, f) mapping EDX of a tribofilm A taken at 5.0 kV and a 17 mm working distance. Brighter areas in the EDX map indicate an

abundance of the particular element shown. Figure 5(g) is the corresponding spectra used to generate the maps in this figure and figure 6. The

spectra were acquired in regions smaller less than 4 lm2.
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distribution of the Si grains. The surface was also
chemically etched to expose the Si grains, which ideally
act as the load-bearing surface. A390 (16–18% Si) [27]
has a different chemical composition but a similar
casting procedure was used to prepare it. The Si grain
size in A383 lies in between A390 and the Silitec 5 alloy,
while the distribution looks very similar to the A390
alloy.

Upon closer inspection of figure 5(a), one finds small
patches in the smooth regions and slightly larger patches
in the coarser areas. We term these ‘‘AW pads’’, and one
can also see streaks elongated in the rubbing direction,
similar to previous reports on Al–Si alloys [11,27], and
also steel surfaces [16,23,24,26,57,58]. Surrounding
those regions labeled A and B are elevated regions of the
AW pad. Since the elevated regions are presumably the
ones that were in direct contact with the pin, the contact
pressures and the frictional forces are dictated only by

these elevated regions. The topography of tribofilm B
(figure 6(a)) looks similar to that of tribofilm A, al-
though the image appears patchier and more streaks
appear in the rubbed direction.

More streaks appear in Nicholls et al. [27] AFM
images resulting from rubbing, which are not as
apparent. We attribute their difference to the higher load
(60 N) that was used compared to 40 N used in this
study. Different microstructure and composition of the
substrate interact differently with the increased pressure.

A number of dynamic factors influence the resulting
topography: asperity contact and local pressure, rate of
introduction and removal of third bodies, flow of debris,
etc. Graham et al. [26] used AFM to classify AW pads,
and observed wear debris that was not removed by
hexane rinsing subsequent to the experiment, or during
the AFM contact scan, implying the debris had become
incorporated into the film.
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Figures 5(c) and 6(c) showX-PEEMdistributionmaps
of tribofilms A and B, obtained using the internal model
spectra shown in figure 5(g). Details of the X-PEEM
analysis can be found elsewhere [11,23,25,59], but briefly,
spectra from pixels or regions of interest in the AW film
are compared with model spectra for different chain
lengths and assigned a color based upon whether they are
characteristic of long or short chain polyphosphates.

Figure 5(g) compares the internal model spectra used
from tribofilm A and B (spectra acquired in regions
smaller less than 4 lm2) to model compounds ZDDP,
Zn4P6O19, and AlPO4. The low-energy grating was used
to acquire the data, thus the spectra are terminated at
�146 eV. In the four spectra compared, we illustrate a

polyphosphate of different chain length. We cannot
distinguish the cation, but speculate that since the main
peak of the tribofilms (peak c) align very well to the
main peaks (peaks a and c) of Zn4P6O19, that Zn is the
most abundant cation present. But, one cannot dismiss
the presence of Al in the polyphosphate glass. A small
shoulder aligning with peak a of the tribofilms (or peak
2 of ZDDP) indicates the presence of unreacted ZDDP.
Unreacted ZDDP was found under all conditions (see P
K-edge XANES discussion) in the contact zones. We
have suggested [11,27] that the presence of unreacted
ZDDP is beneficial to its AW action by acting as a
source for formation of ‘fresh’ polyphosphate films
when the original film is worn away.

Figure 6. Chemomechanical mapping of tribofilm B. Regions of interest are indicated that can be compared throughout the chemomechanical

map. Figure 6(a, b) is 50� 50 lm2 contact AFM height and deflection topography images. The dashed lines and boxes are explained in the text.

Figure 6(c) is the X-PEEM distribution map of the region analyzed of tribofilm B. Figure 5(g) shows the corresponding spectra used to generate

the distribution map. The red regions indicate medium chain polyphosphates and the cyan areas represent regions of short chain polyphosphates.

Black areas are regions where the spectra were not fitted well with neither short nor medium chain polyphosphates. Figure 6(d) A field emission

SEM image and figure 6(e, f) mapping EDX of a tribofilm B taken at 5.0 kV and a 17 mm working distance. Brighter areas in the EDX map

indicate an abundance of the particular element shown.
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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
distribution were constructed for tribofilm A (fig-
ure 5(c)). The same procedure was carried out for
tribofilm B, using regions corresponding to medium-
(red) and short-(cyan)chain polyphosphates (fig-
ure 6(c)). Regions whose spectra match quite well to the
internal model spectra are colored while black areas in
both figures 5(c) and 6(c) indicate the absence of a good
fit to either model spectrum. This analysis is only semi-
quantitative since the films are probably complex mix-
tures containing a wide range of chain lengths [60] but
the images do capture the overall distribution of long
and short chain polyphosphates.

The area analyzed in figure 5(c) is primarily short to
medium chain (yellow) polyphosphates (a : c = 0.43),
with a few localized regions of long chain (blue)
polyphosphates (a : c = 0.56). The area investigated in
figure 6(c) appears quite similar with respect to the
distribution of short- (cyan) (a : c = 0.29) to medium
chain (red) polyphosphates (a : c = 0.48). The regions
analyzed as medium chain polyphosphates in fig-
ures 5(c) and 6(c) have been estimated at �85±2% and
�22±4%, respectively.

The X-PEEM data (micro-analysis) indicate that care
must be taken when interpreting the result of area
averaging techniques such as XANES of large areas
(e.g., 2� 2 mm2 in the present case). The macro-analysis
deconvolution for tribofilm A shows the a : c ratio to be
�0.44 (medium chain polyphosphates), while the micro-
analysis (40� 40 lm2 region) shows two distinct regions
of a : c ratios, one �0.43 (medium chain polyphos-
phates) and the other �0.56 (long chain polyphos-
phates). For tribofilm B, the micro-analysis also shows
two distinct regions of a : c ratios, one �0.48 (medium
chain polyphosphates) and the other �0.29 (short chain
polyphosphates), while the macro-analysis deconvolu-
tion suggests a 0.29 a : c ratio. This confirms that the
macro-analysis is a weighted average of the distribution,
as indeed is to be expected.

Field emission SEM images of the regions studied by
X-PEEM for the respective tribofilms are shown in
figures 5(d) (tribofilm A) and 6(d) (tribofilm B). Both
were acquired at 5.0 kV to enhance the surface sensi-
tivity. The corresponding EDX maps for aluminum and
silicon taken with the SEM are shown, respectively, in
figures 5(e, f) (tribofilm A), and 6(e, f) (tribofilm B). The
brighter areas correspond to an abundance of that
particular element.

The sampling depths of EDX and X-PEEM are
substantially different. The X-PEEM sampling depth is
�2–5 nm, while that of EDX is on the micron scale [61].
As a result, bulk silicon and aluminum are being sam-
pled below the AW film, and certain mapped substrate

regions may appear modestly larger than compared to
the X-PEEM distribution image. We have estimated the
aluminum area coverage for both tribofilms A and B to
be 78±3% and 84±4%, respectively.

Interesting correlations can be made (considering
tribofilm A first) by comparing figure 5(c), with
figure 5(e, f). Long chain polyphosphates are forming
preferentially on the Si grains, and short chain polyph-
osphates are situated on the Al matrix. This was first
shown by our group [11]; however, the distribution map
on the Silitec 5 alloy was more difficult to interpret, due
to the larger number of the smaller Si grains, compared
to the A383 alloy. We attribute the poorer contrast of
the polyphosphate distribution on the Silitec 5 alloy to
two main sources: (i) the etching procedure that origi-
nally generated a height gradient related to the Si grains
protruding from the matrix and (ii) to the greater
amount of wear and debris, due to the higher loads
tested, in which the wear scar depth (WSD) was greater
than the amount by which the Si grains originally stood
proud of the Al matrix [54]. This would have redistrib-
uted the AW film over the entire alloy surface.

The micro-chemical analysis of tribofilm B is the first
such XPEEM analysis of AW films formed at high
temperatures. Comparing figure 6(c) with figure 6(e, f),
we demonstrate that at high temperatures, medium
chain polyphosphates have formed on the Si grains and
short chain polyphosphates form on the Al matrix.

Unfortunately, the low-energy grating of the beam-
line limited the remaining elements to be collected in
second order. Signals acquired at the aluminum and
sulfur (70–90 eV), and silicon (90–130 eV) L-edges
generally were noisy and too weak to obtain meaningful
spectra.

3.3. Focused ion beam (FIB) milling

The dashed lines in figures 5(a) and 6(a) are regions
where cross-sectional cuts of the tribofilm were made by
FIB milling and that were examined and SEM. SEM
observations of the FIB cross-section for tribofilms A
and B are presented in figure 7. Direct measurement of
the cross-sectional thickness of tribofilm A (figure 7(a))
yields values ranging between 40 and 60 nm. The
thickness of tribofilm B (figure 7(b)) was measured to
vary between 46 and 60 nm. The film is quite homoge-
neously distributed in both films. Thus for the first time,
we have shown directly that the areal density calculated
from the P K-edge XANES coupled with the PIXE
technique, as shown in table 3, correlates closely with
the thickness estimated from FIB milling. Minfray et al.
[62] measured a film thickness formed by steel on steel
contact using a similar FIB milling technique coupled
with transmission electron microscopy (TEM) to be
�50 nm.
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It would be interesting to see if the FIB milled cross
sections of the AW films coupled with X-PEEM yield
different chemical species, which could be resolved in the
Z direction of the film, and push the limits of resolution.
This will be attempted in future studies.

3.4. Nanomechanical mapping

Nanoindentation measurements were made on the
polished substrate and tribofilms. Details of the instru-
mentation and calibration have been given elsewhere
[23]. 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 loads of
30 lN for the tribofilms, to minimize the influence of the
underlying substrate, and to loads of 60 lN for the
substrate.

The set-up was calibrated for compliance and
abnormalities of the tip, using a succession of indents

into fused silica at different penetration depths to cal-
culate the tip area function [27,63]. This function is used
in the calculation of the reduced modulus (E*). The re-
duced modulus is obtained from the unloading portion
of slope from the f–d curve by a method introduced by
Oliver and Pharr [48,64,65]. The unloading portion of
the f–d curve mimics that of a classic stress–strain curve
and, Oliver and Pharr’s method assumes E* is the slope.

E* is related to Young’s modulus (E) through equa-
tion (2);

1

E�
¼

1� t2s
� �

Es
þ

1� t2i
� �

Ei
; ð2Þ

where Ei and Es are Young’s modulus of the indenter
(tip) and sample, and mi and ms are the Poisson’s ratio of
the indenter and sample, respectively. The Young’s
Modulus (Es) for the Al matrix and Si grains was found
to be 86±4 GPa, and 154±5 GPa, respectively, in
good agreement with literature [66,67].

For the tribofilms we generate an indentation moduli
(Es

*), in which the tip properties are removed from the
reduced modulus, through the relation (equation 3);

E�s ¼
Es

1� t2s
� � ¼ 1

E�
�

1� t2i
� �

Ei

� ��1
: ð3Þ

The indentation moduli are averaged over many indents
and the error presented is the standard deviation.

Qualitatively the f–d curves taken on the substrate
show that the Si grains are much stiffer and deform less
plastically compared to the Al matrix. This is evident
from the large hysteresis of the Al matrix curve. The Al
curve, shown in figure 8 shows a sudden change in
apparent indent depth at fixed load (noted by the ar-
row), which is caused by the fracturing of the Al oxide
layer. The f–d curve in the case of the Si is too narrow to
detect any fracturing of the Si oxide layer.

Comparing the f–d curves in figure 8 with figure 9, we
observe that the mechanical responses of the AW films
are correlated with the underlying substrates. Indenta-
tion curves obtained on Si grains show a very high
modulus and a very small hysteresis, while the results
obtained for the films on the Al matrix resemble the f–d
response from the bare Al matrix. Comparing the hys-
teresis, it is apparent that more plastic deformation has
occurred on the AW pad on top of the Si grain com-
pared to the Si grain itself.

The determination of mechanical properties of thin
films has become increasingly important because of the
applications of such films. There are several methods for
partial separation of the elastic modulus of thin films
from hard substrates; for a review see Mencik et al. [68],
which describes five different approximations for eval-
uating the elastic modulus of the thin films.

The customary way to test the different methods is to
use uniform thin films on a uniform substrate, and
through successive indentations to different loads,

Figure 7. SEM observation of a FIB cross section of (a) Tribofilm A

(b) Tribofilm B.

Table 3.

Comparing the film thickness using different techniques. P K-edge

XANES assumes a uniform polyphosphate with stoichiometry

Zn2P2O7, and a density of 3.75 g/cm3.

Tribofilm P K-edge XANES and

PIXE technique (nm)

FIB milling cross

section (nm)

Tribofilm A 40±2 40–60

Tribofilm B 42±4 46–60
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empirical fitting parameters can be calculated from
regression analysis. Even films as thin as 10 nm have
been evaluated [69]. However, a drawback for such
techniques is the requirement that composition of the

film and substrate must be uniform, in order for the
regression analysis to have any significance.

We employ a method described by Rar et al. [70], that
partially separates the indentation modulus of the film
from that of the substrate, and which utilizes an ana-
lytical solution derived by Gao et al. [71], which
describes the mechanical behavior of the film through a
weighted function, using the following equations;

1

E�s
¼ 1� Ioð Þ

Esubstrate
þ Io
Ef
; ð4Þ

where Es* is the indentation modulus of the sample
(film and substrate), Esubstrate the Young’s modulus of
the substrate, and Ef is the sought-after separated
modulus of the film. The Gao function (Io), as shown
in equation (5), is calculated from the film thickness
(t), a Poisson ratio of 0.3 was assumed for each spe-
cies (mSi = mAl = mfilm = 0.3), and the films were
assumed to be uniform.

Io ¼
2

p
arctan

t

a

� �
þ 1

2p 1� tð Þ

1� 2tð Þ t
a
ln
1þ ðt=aÞ2

ðt=aÞ2
� ðt=aÞ
1þ ðt=aÞ2

" #

:

ð5Þ

The f–d curves taken on the tribofilms show varying Ef

values that differ based on indentation location.
Figure 9 shows the indentation curves measured both

in and outside of the boxed areas in figures 5(b) and
6(b). Inside the boxed area, we find an Ef value of
84±10 GPa, and 80±13 GPa, respectively, for fig-
ures 5(b) and 6(b). The area outside of the boxes in
figures 5(b) and 6(b) show an Ef modulus of
44±10 GPa, and 56±12 GPa, respectively, as sum-
marized in table 4.

However, the pads formed on the Si grains are sig-
nificantly stiffer and less susceptible to plastic defor-
mation than the pads formed on the Al matrix. These
findings are well explained by the study of Mosey et al.
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Table 4.

The indentation moduli (Es
*), and corrected moduli (Ef) of the AW

films formed on tribofilms A and B, presented with other pertinent

data to the calculation.

Film Thickness (nm) Ef (GPa)a

Tribofilm A – Al matrix 40±2 44±10

Tribofilm A – Si grain 40±2 84±10

Tribofilm B – Al matrix 42±4 56±12

Tribofilm B – Si grain 42±4 80±13

Young’s modulus

Al Es = 86±4 GPa

Si Es = 154±5 GPa

aIo was calculated with a Poisson’s ratio of 0.3. The corrected modulus

was calculated using the film thickness from the P K-edge XANES and

was assumed to be uniform and for the Al matrix and Si grains.
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[72], in which the authors’ calculations show that harder
substrates exposed to higher pressures have harder films
formed on top of them. Their theory also explains why
the film formed on the Al matrix is much softer that the
film formed on the Si grains. The small variations in the
indentation data between the films on particular sub-
strate features (i.e., on Al matrix, Si grains) are attrib-
uted to the differences in topography sampled by the
indenter when making an indent, and the difference
found between samples are attributed to different for-
mation temperatures used for tribofilms A and B.

The values for the corrected modulus (Ef) of the films
formed on the Si grains are higher than observed that in
previous work on A390 (�66±7 GPa) [27], although
much thicker films were assumed to be formed, and a
higher applied load was used (60 N). The indentation
moduli found on the Silitec 5 alloy (77±11 GPa) [11],
is similar to small AW pads on steel (74±20 GPa) [26],
and within the error to the indentation moduli (Es

*)
found in this report for the films on Si grains. There is
also a larger deviation from the uncorrected indentation
moduli found on the Al matrix on A390 (71±9 GPa)
[27], which we believe is attributed to the local roughness
and oxide layer thickness both of which influence the
modulus in this region.

3.5. Coefficient of friction (l) and evaluation of wear

The coefficient of friction (l) was measured simulta-
neously (via the lateral force, FT) throughout all exper-

iments. In all reported cases, l increases to a maximum
value within less than 5 sec of the onset of the experi-
ment and then drops to a constant level. The initial
high-friction value correlates with the lack of a surface
film, and once the film has been formed, the friction
coefficient decreases and stabilizes. This trend has been
observed and described by McQueen et al. [35] in a
similar experimental set-up studying the friction and
wear effects of phosphorus on film formation.

The stabilized value is averaged over many points and
that is the value reported. The coefficient of friction (l)
calculated from a normal force (FN) of 40 N was mea-
sured to be 0.13±0.01. This value is typical for the
boundary lubrication regime of ZDDP films formed on
steel [73].

Presently, we only have a simple method for mea-
suring the wear, as we look at the WSW of the pin after
the experiment. Figure 10 presents the WSW as a
function of temperature at which the films were formed.
From figure 10, it can be seen that the WSW increases
almost linearly with temperature.

Nicholls et al. [24] using the same 52100 steel com-
position of pin and coupon under harsher conditions
(60 min, 220 N, 100 �C) found a WSW of �112 lm. In
our mildest conditions (5 min, all other conditions were
maintained to those of Tribofilm A), the WSW was
found to be �170 lm. This shows that under all our
conditions the wear on the pin is larger than using a
steel-on-steel couple. Furthermore, Nicholls et al. [24]
reported having thicker films (68 nm±30%) for tribo-
films made on steel. In addition, the Al–Si alloy coupons
have presumably a larger roughness than the steel cou-
pons, based on a faster deterioration of the Al matrix
compared to the Si grains when polishing. We believe
that these three variables, WSW, film thickness, and
coupon roughness are directly correlated.

4. Summary and conclusions

In this study, we have shown X-PEEM, XANES, and
SEM-EDX mapping can be used in tandem to help
understand the chemistry of the tribofilms made on
A383. In complementary experiments, AFM and SEM
reveal the topography and morphology of the films and
substrate, while imaging nanoindentation directly and
quantitatively measures differences in the mechanical
properties of the films. Furthermore, we have shown
that P K-edge XANES combined with PIXE is helpful
in estimating the film thickness and is in very good
agreement with the results obtained for the film thick-
ness with the FIB results.

The following conclusions can be drawn from the
results;

1. Large area (macro-scale; 2� 2 mm2) chemical anal-
ysis by XANES shows that a polyphosphate glass is
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the primary species formed on the surface of A383
after rubbing (under all conditions). The percentage
of phosphorous present as polyphosphate was
�83±7%, under most conditions, except the
harsher conditions (high temperatures and longer
rubbing times), which generated percentages > 90%.
The formation of a LI was observed for films gener-
ated at higher temperatures, and appeared to be
absent at lower temperatures. The macro-scale anal-
ysis, indicated that the tribofilm formed at 100 �C
(tribofilm A) comprised mostly a short to medium
chain polyphosphate. Tribofilm B (formed at 150 �C)
comprised mainly short chain polyphosphates. Lim-
itations in our ability to distinguish between alumi-
num polyphosphates and zinc polyphosphates mean
that aluminum ions might be included in the film.

2. Micro-scale (micro-scale; 40� 40 lm2) X-PEEM
analysis shows a distribution of polyphosphate chain
lengths on the surface, which is temperature depen-
dent. At higher temperatures, medium chain phos-
phates form on the Si grains (shown by the peak
ratios a : c �0.44), while at lower temperatures,
longer chain polyphosphates are detected on the Si
grains (a : c �0.56). In both the high temperature and
low-temperature study, short chain polyphosphates
form on the Al matrix (a : c < 0.44). It is clear that
macro-scale analysis by XANES yields an L-edge,
which is a weighted distribution of signals from the
different areas of the film in the analysis region.

3. FIB used in conjunction with SEM to generate a
cross section of an AW film from which the thickness
could be directly measured. These data show that the
semi-quantitative method of estimating AW film
thickness by comparing the P K-edge areal density
with samples of known thicknesses is quite reliable.

4. Using the Song and Pharr method with a calculated
Gao function, a corrected modulus was obtained
which had similar values for the pads on Si grains,
but higher than that of similar pads on A390, and
softer pads on the Al matrix. The observation of
harder and stiffer pads on the Si grains is consistent
with recent theoretical calculations.

5. The coefficient of friction was measured to be
0.13±0.01. The wear scar of the pin was found to be
correlated to temperature, and even the mildest con-
ditions examined in this study generated more wear
compared to harsher conditions with a steel-on-steel
couple.
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