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Phosphorus L-edge and oxygen K-edge X-ray PhotoEmission Electron Microscopy (XPEEM) have been used to characterize

the chemical nature of the cation present in tribochemical films via comparison with model Fe2+ and Zn2+ compounds. The results

are contrasted to the P L-edge, P K-edge and S K-edge XANES data. The findings suggest that antiwear pads containing long chain

zinc polyphosphate glass are formed at the points of asperity contact, and a thin, short chain zinc polyphosphate film is formed

where no asperity contact is made. SEM/EDXmeasurements helped to elucidate the distribution of the elements, and strong spatial

correlations were observed between P, O, Zn and S in the pads, indicating that they are composed mostly of zinc polyphosphates,

especially near the surface. The zinc polyphosphate antiwear pads are characterized by a much lower modulus than that observed

on the thin film regions, the latter being characteristic of the substrate steel.
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1. Introduction

Automotive components require a variety of lubri-
cating oil additives and fluids to operate satisfactorily.
The functionalities of the oils and fluids differ drastically
depending on their intended usage and specific system
requirements. One of the chemically active additives,
zinc dialkyl dithiophosphate (ZDDP) has been used in
internal combustion engines for at least 60 years, and is
added to fully formulated oils as an antioxidant and
antiwear additive. While other oil additives found in
fully formulated oils may alter the functionality of
ZDDPs, this molecule is known to interact with the
metallic surface and form a protective film, which we
call a tribochemical film, or tribofilm (also referred to as
antiwear film).

A complex four-step mechanism scheme accounting
for the decomposition of ZDDPs has been proposed by
Willermet et al. [1]. Their film formation mechanism
assumes adsorption on the metallic surface, followed by
reaction of ZDDPs to form phosphates bound to the
metal surface, followed by growth of the polyphosphate
film, and termination by the metals ion available, typi-
cally zinc. Bancroft et al. [2] have proposed a different
reaction pathway that depends on the availability of
cations (Fe and/or zinc), and reaction temperature.
Ferrari et al. [3] have proposed a two-step pathway

involving the removal of the iron oxide layer by the
reciprocating surface’s rubbing motion, followed by
reaction of ZDDPs with the nascent iron substrate.

Martin et al. [4] have applied Pearson’s [5] hard and
soft acids and bases (HSAB) principles to explain that
phosphates (hard bases) preferentially react with harder
acids. Since Fe3+ is a harder Lewis acid than Zn2+,
cation exchange is highly favored. This theory illustrates
that with prolonged rubbing, and film growth, short
chain polyphosphates are expected as the Zn2+ cations
are exchanged with Fe3+ cations already present in the
film, resulting in a faster termination of the phosphate
network.

Excellent reviews on the history and evolution of
ZDDPs [6], and a summary of the interaction of ZDDPs
with metallic surfaces [7] can be found in literature.

Multi-element X-ray absorption near edge structure
(XANES) analysis has been previously applied to
ZDDP derived films [3,8–14], and shows that ZDDPs
break down to form very thin (£100 nm) chemically
complex, sacrificial amorphous polyphosphate glass
films at the point of contact between metallic surfaces in
an engine.

Imaging X-ray absorption spectroscopy (XAS) tech-
niques have greatly improved our capabilities to
understand thin films and surfaces, over a wide range of
sub-disciplines including archeology, materials science,
physics, chemistry, anthropology, and marine studies to
name a few [15–18]. Spatially resolved XANES data
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acquisition is achieved with a technique called X-ray
photoelectron emission microscopy (XPEEM). This
technique permits the acquisition of spatially resolved
information (£100 nm) on the chemistry of the absorb-
ing species, which can be correlated with topography.

Canning et al. [19] were the first to employ XPEEM
comparing the spectra obtained from large analysis
areas to small analysis areas. Their results showed that
unreacted ZDDP did not overlap with regions where
polyphosphate had formed, and speculated that phos-
phate formed on regions that appeared to be asperities,
while unreacted ZDDP remained unchanged in the
valleys surrounding the asperity points.

Since this initial work, several other P L-edge
XPEEM studies on steel and various Al–Si alloys have
appeared [9,11,12,20–23], reporting correlations
between the chemistry, the topography and mechanical
response of the antiwear film. We report the use of
multi-edge X-PEEM using both the oxygen K-edge and
the phosphorus L-edge.

2. Experimental

2.1. Materials and preparation and composition
of the substrate

The steel samples were manufactured from 52100 steel
rods into circular disks at The University of Western
Ontario with dimensions of 10 mm� 10 mm� 4 mm.
The composition of 52100 steel is �1% C, �0.025% P,
�0.025% S, �0.25% Si, �0.25 –0.45% Mn, 1.3–1.6%
Cr, and the balance as Fe. The disks were subsequently
mechanically polished with a 6, 3, and finally 0.5 lm
diamond pastes using turpentine solvent. They were
washed with methanol in an ultrasonic bath and stored
in air to dry.

2.2. Morphology and topography data acquisition

Atomic force microscope (AFM) topography images
were recorded for all the samples in air, using a Nano-
scope IIIa equipped with a Multimode� head (Digital
Instruments, Santa Barbara, CA). 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. The images were processed using Digital
Instruments� software to determine the average surface
roughness (Ra) and root mean squared (RMS) rough-
ness RRMS.

2.3. Antiwear film preparation

Antiwear films were made on the polished, 52100 steel
disks in a Plint high frequency wear tester. The com-
mercial ZDDP concentrate is a mixture of neutral and
basic forms, consisting of secondary butyl (85%) and n-

octyl (15%) groups. The 1.2% ZDDP solution (�0.1%
P) was prepared using the desired weight of ZDDP and
diluted using MCT-10 base oil supplied by Imperial Oil.

The 52100 steel coupons and cylindrical pins
(11 mm� 6 mm diameter) were cleaned in an ultrasonic
bath using a light hydrocarbon solvent, and then placed
in the Plint high frequency wear tester. The 1.2% ZDDP
solution was poured into the Plint wear tester and the
steel pin was laid flat against the disk. A 220 N load was
applied to the pin (resulting in �135 MPa pressure after
the experiment concluded), the temperature was raised
to 100 �C and maintained throughout the experiment
and the pin was reciprocated with a stroke length of
7 mm at a frequency of 25 Hz (0.35 m/s).

2.4. Chemical analysis

After each experiment, excess oil was removed from
the disks using tissue paper and then the samples were
rinsed in hexane. XANES data were obtained at the
Canadian Synchrotron Radiation Facility (CSRF) [24],
situated at the 1 GeV Aladdin storage ring, University
of Wisconsin, Madison. Phosphorus and sulphur
K-edge spectra were obtained on the double-crystal
monochromator (DCM) [25] covering an energy range
of 1500–4000 eV with photon resolution of 0.8 eV.
Phosphorus and sulphur L-edge spectra were obtained
on the Grasshopper soft X-ray beamline covering an
energy range of 70–900 eV with photon resolution of
0.2 eV. The phosphorus and sulphur K- and L-edge
spectra were calibrated using pure unreacted diisobutyl
ZDDP. The analyzed area was about 2 mm� 2 mm.
The photoabsorption spectra for both the model com-
pounds and samples were recorded in the total electron
yield (TEY) mode and fluorescence yield (FY) mode for
both surface and bulk sensitivity [26]. All spectra shown
in this paper are an average of two scans that were
digitally combined and normalized, with a linear back-
ground subtracted using the BAN [27] program. The
assignment of the fine structure in XANES was carried
out using model compounds obtained by the authors or
by comparison to previous results [9,10,28,29].

XPEEM data acquisition was performed using the
Spectromicroscope for the PHotoelectron Imaging of
Nanostructures with X-rays (SPHINX) [18,30] (ELMI-
TEC GmbH) installed on the HERMON beamline
using both the low energy grating (LEG) and the med-
ium energy grating (MEG) at the 1 GeV Aladdin stor-
age ring, University of Wisconsin, Madison. The sample
is held at a high negative potential ()20 kV) and pho-
toelectrons are accelerated and magnified through elec-
tron optics. The magnified photoelectrons are intensified
by two microchannel plates and converted into a visible
image by a phosphor screen. For details see refs. [18,30].

We acquire an image (�180 lm field of view) opti-
mized to give �0.2 eV resolution at the phosphorus
L-edge (for details see refs. [18,20,30]). Image intensity
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in XPEEM is proportional to the TEY and the surface
sensitivity was limited by the escape depth of the sec-
ondary electrons at the phosphorus L-edge (3–5 nm)
[31,32]. Spectromicroscopy images were taken with a
0.2 eV step size from high energy to low energy. A
100 lmfield of view was chosen for the selected area with
a resolution of �200 nm per pixel. The images were
combined to produce a three-dimensional data set or
spectromicroscopy �stack’ [32] that was analyzed to
extract detailed chemical information about the tribofilm
using aXis2000 software [32–34]. 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) using the LEG on the beamline and
the O K-edge (510–556 eV) using the MEG of the
beamline and analyzed for differences in chemistry.

2.5. Mechanical analysis

The mechanical properties of the substrate and anti-
wear films were investigated using a Hysitron Tribo-
indenter�, equipped with an optical microscope in
which a desired area can be chosen in the field of view.
This system has the capability to extract mechanical
properties with very high force, spatial and depth reso-
lutions. A Berkovich indenter with an elastic modulus
(Ei) between 1000 and 1140 GPa, a Poisson ratio (mi) of
0.07 and a tip radius of �200 nm was used for all
indentations. For experimental details see refs. [35–37],
for a schematic see ref. [37].

Topographic images were obtained with �2 lN force
both prior to taking an indent and after indenting a
region. The quasi-static measurements consisted of
increasing the load to a chosen preset value via a con-
stant velocity displacement of the indenter, followed by
retraction at the same velocity. The loading process to
the preset force, and unloading portion were all moni-
tored. The elastic modulus was extracted using the Oli-
ver–Pharr method [38] from the unloading section of the
f–d curve. The films were investigated with a 50 lN
maximum preset applied load.

3. Results and discussion

3.1. Antiwear film topography

Topographic images were taken on the antiwear film
subsequent to the rubbing experiment. Figure 1 shows a
general region of interest that was studied with multiple
techniques. The rubbing direction is shown, which are
parallel to the lines formed from contact with the
reciprocating pin. Figure 1 shows half of one of the
concentric markings made with Focused Ion Beam
Milling (FIB) used for relocation of the same spot. The
box in figure 1 is the region that was studied by multiple
techniques and appears later as figure 8a.

The presence of elevated regions is evident (i.e., yellow
area); these areas correspond to regions that carry the
local load at or near the end of the wear experiment.

Figure 1 reveals a discontinuous film of varying
thickness in all directions, consisting of patches
(antiwear pads or tribofilm) elongated in the rubbing
direction. This has been previously observed on steel
surfaces [11,28,39,40].

3.2. XANES Chemical characterization

The sulphur K-edge XANES spectra collected in
TEY mode are shown in figure 2, comparing unreacted
ZDDP, Na2SO3, ZnSO4, FeS, ZnS and the tribofilms
spectra. The white line for ZDDP, peak �b’, is shifted
with respect to the white lines of the other model
compounds; to a higher photon energy compared to FeS
(peak �a’), or a lower photon energy, compared to ZnS
(peak �c’), SO3

2) (peak �d’), and SO4
2) (peak �e’). The

shift is related to the oxidation state of the sulphur
atom, and the local geometry of the absorbing atom
[41,42]. For example, the oxidation state of sulphur in
all the compounds FeS, ZDDP, and ZnS, is )2, but
distinguishable shifts are noticed in the S K-edge
XANES spectroscopy, which originate from the differ-
ences in the coordination of S to the other atoms in their
respective compounds. This sensitivity is advantageous
in the identification of the sulphur species present in the
S K-edge XANES of the tribofilms.

The oxidized form of S is shifted to higher photon
energy, as is evident in the spectra of Na2SO3, and
ZnSO4. The spectra collected on the tribofilm indicate
the sulphur is present largely as ZnS, which has been
previously observed from studies of ZDDPs forming
tribofilms on steel surfaces [11,14]. The spectra of the
tribofilm in figure 2 have been fit for all peaks aligning
with ZDDP, ZnS, SO3

2), and SO4
2) following a pro-

cedure reported in ref. [9]. A constant width for each
peak was maintained during the fitting procedure. The

Figure 1. 100� 100 lm2 AFM height image of the region analyzed.
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results of the de-convolution are shown in table 1. The
alignment of ZDDP peak �b’ with the component of the
fitted spectrum of the tribofilm indicates that unreacted
ZDDP is present in the tribofilm. No FeS was found in
the tribofilm, as expected since peak �a’ does not align
with any noticeable features. The main sulphur-
containing components of the tribofilm were found to be
ZnS (�67%), and unreacted ZDDP (�12%). No
evidence of SO3

2) was found, otherwise peak �d’ would
be much more intense. Any features aligned with peak
�d’ are attributed to ZnS post-edge features.

The P K-edge XANES spectra of the tribofilm col-
lected in TEY mode are shown in figure 3. The tribofilm
spectra are compared to the spectra of ZDDP, Zn4P6O19

and FePO4. A single intense peak characteristic of the P
K-edge is observed, which is attributed to the excitation
of a phosphorus 1s electron to an empty p-like
anti-bonding state [9,28,29]. The main peak of ZDDP
(peak �a’) located at �2149 eV is shifted with respect to
the main peak of Zn4P6O19 and FePO4 (peak �b’). The
difference of �2.5 eV agrees with previous results [9,28].

The P K-edge XANES spectrum for the tribofilm clearly
shows that after the experiment a phosphate has formed.
Any spectral intensity that aligns with peak �a’ indicates
that ZDDP is present in the phosphate film as an un-
reacted species. The area of the P K-edge XANES
spectra for the tribofilm has been deconvoluted and fit
for unreacted ZDDP and polyphosphate, as in our
previous studies [9,22]. The results are summarized in
table 2. The deconvolution indicated that �11% of the
P originated from unreacted ZDDP, which is consistent
with the S K-edge XANES data and fitting. The
remaining 89% of the P is present as a phosphate which
L-edge data show is a polyphosphate glass (see below).

It is believed that the counter ion in the phosphate
film is dependent on the available source(s) of cations. It
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Figure 2. S K-edge XANES spectra collected in TEY mode of ZDDP,

Na2SO3, ZnSO4, FeS, and ZnS model compounds, and the tribofilm

formed on steel under the conditions specified.

Table 1.

De-convoluted peak area percentage of the tribofilm from the sulphur

K-edge spectra.

S K-edge

FeS (%)

2469.9 eV

Unreacted ZDDP (%)

24741.8 eV

ZnS (%)

2472.9 eV

SO4
2) (%)

2480.8 eV

0 �12 �75 �13

See text for further discussion.
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Figure 3. P K-edge XANES spectra collected in TEY mode of ZDDP,

Zn4P6O19, FePO4 model compounds, and the tribofilm formed on steel

under the conditions specified.

Table 2.

De-convoluted peak area percentage from peak fitting of the tribofilm

for the phosphorus K- and L-edge XANES spectrum, and L-edge

X-PEEM spectra.

P K-edge XANES P L-edge XANES

Unreacted ZDDP (%)

2149.4 eV

Polyphosphate

glass formed (%)

� 2152.0

Ratio of

peaks a:c

Ratio of

peaks b:c

�11 �89 0.36 0.29

0.52* 0.46*

0.34** 0.25**

�*’ refers to spectra obtained in figure 5 from yellow regions (long

chain polyphosphates).�**’ refers to spectra obtained from blue regions

(short chain polyphosphates).
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has been speculated [29] that zinc is the primary cation,
but the data in figure 3 show that there is too small a
photon energy shift between the zinc phosphate model
compound and the iron phosphate model compound to
distinguish with certainty that zinc is the only cation
present. However, absence of the weak shoulder labeled
peak �a’’ in the spectrum of FePO4 in the spectrum of the
antiwear film, suggests that the phosphate counter ion is
most likely a zinc (see XPEEM section).

The phosphorus L-edge XANES spectrum for the
tribofilm collected in TEY mode is shown in figure 4,
together with spectra for the model compounds,
Zn4P6O19, FePO4, and ZDDP. The P L-edge XANES
provides more information than the P K-edge, due to
the narrower P L-edge linewidth and better photon
resolution [28,29] and its greater sensitivity to the
chemistry of the P-atom. The peak assignments have
been discussed in detail in ref. [29]. The photon energy
shift of the model compounds shows a similar behavior
to the phosphorus K-edge spectra of the model com-
pounds. Over the course of the experiment, peaks �1’, �2’
and �3’ of ZDDP are shifted to peaks �a’, �b’, and �c’ of
the tribofilm due to the change in chemistry of the
ZDDP molecule to form a polyphosphate. Peak �d’ has
been identified as a shape resonance peak, and is present
when the absorbing atom (P) is coordinated to three or
more electronegative atoms, such as oxygen, and is
always present at the same energy position for all
phosphates, whether crystalline or glassy [29]. The pre-
edge shoulder of the tribofilm that aligns with peak �2’ of
ZDDP indicates presence of undecomposed ZDDP,
which is consistent with earlier P and S K-edge XANES
findings [9,29]. Peaks �4’ and �5’ develop from a second

order C K-edge radiation at 285 eV, originating from
beamline and sample contamination [20]. The spectra
for the model compounds are taken on carbon tape, in
which the second order contamination of carbon is
intensified, whereas those peaks are weaker in the
spectrum of the tribofilm. The spectra originate from a
large area (�4 mm2), thus represent an average over the
area analyzed.

Yin et al. [43] have shown that the ratio of the fitted
and deconvoluted peaks increase with increasing lengths
of polyphosphates glasses. Deconvolution and fitting of
the peaks present generates a reliable estimate of the
species present. Their findings show that the ratio of a:c
and b:c increase with increasing chain length of the
polyphosphate glass and we have successfully used the
technique in assessing the chain length of tribofilms
[9,11,14,20,22,29]. The peak ratio of �a’ and �b’ relative
to peak �c’ for our present tribolfilm is given in table 2,
fit in the same manner as described previously [9,20]. An
a/c ratio of approximately 0.44 or less (a:c £ �0.44),
corresponds to a short chain polyphosphate (less than
10 P atoms in a chain or network) [9]. An a/c ratio of
approximately 0.60 or greater (a:c ‡�0.60) corresponds
to long chain polyphosphates (greater than 25 P atoms
in a chain/network). Ratios of a/c in between
�0.44< x<�0.60 represent medium chain polyphos-
phate chains or networks with P atoms ranging between
10 and 25. The findings listed in table 2 suggest bor-
derline short-medium chain polyphosphates, which are
consistent with previous finding generated on steel under
similar conditions [7,14,20]. Nicholls et al. [28] and
Zhang et al. [14] compared the spectra of the tribofilm
versus iron (FePO4) and zinc (Zn4P6O19) phosphates
using P L-edge XANES spectroscopy. For the tribofilm,
both studies indicate similarities to the spectra of iron
phosphate and zinc phosphate.

3.3. XPEEM chemical characterization

Details of the XPEEM microscope and data treat-
ment are given elsewhere [11,17,18,21,23,30,44,45].
Unfortunately, the LEG provides photons at £ 144 eV,
so our data are limited to a lower energy window, but
useful chemical information can still be extracted from
the spectra.

Figure 5a compares the background subtracted
spectra used to obtain the distribution map, to spectra
of ZDDP, Zn4P6O19, and FePO4. The contrasting
internal spectra were obtained from regions of similar
sized areas (�2 lm2) on the SEM image through the P
L-edge �stack’ the XPEEM microscope generates. The
internal spectra are then matched to pixels or regions
throughout the image, in which the software generates
component maps. The P L-edge spectra obtained from
the XPEEM were deconvoluted in the same manner as
the P L-edge XANES spectra (see table 2), which show
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Figure 4. P L-edge XANES spectra collected in TEY mode of ZDDP,

Zn4P6O19, FePO4 model compounds, and the tribofilm formed on steel

under the conditions specified.
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presence of medium to long-chain polyphosphates
(further referred to as long chain polyphosphates) and
short chain polyphosphates. It has been previously
shown that area averaged XANES using the fluores-
cence yield to measure absorption, provides a better
measure of the bulk signal, compared to X-PEEM,
which analyzes a smaller area, and has a smaller depth
of analysis [9,21,30]. This could result in detection of
different chemical species at the smaller length and
depth scales.

The boxed region in figure 5b shows the SEM image
obtained with the X-PEEM microscope that shows the
region analyzed, which can be easily compared to fig-
ures 1, 5c and 6b.

A distribution map (figure 5c) was generated of the
long chain polyphosphates (yellow regions) and short
chain polyphosphates (blue region). Mixtures of long or
short chain appear as dull areas. Regions that appear
black are regions where the fit of the spectra is poor.

Mosey et al. [46] proposed a model that explains the
formation of long chain polyphosphates through pres-
sure induced cross-linking via zinc atoms in zinc

phosphate. Nicholls et al. [20] were the first to observe
experimental evidence for the theory, as their work on
steel concluded that the highest pressures experienced at
the surface of the large pads (load bearing surface) are
responsible for the creation of the longest chain lengths
and possible cross-linking of the chains. Our data are
consistent with this picture as the longest chain length
polyphosphates are found in the antiwear pads.

An O K-edge spectrum of the tribofilm obtained from
the XPEEM microscope is shown in figure 6a, com-
pared to the O K-edge XANES spectra of model com-
pounds FeO, Fe2O3, FePO4, the 52100 substrate, ZnO,
and Zn3(PO4)2. This edge is useful in assessing the role
of Fe and Zn in the antiwear film on steel surfaces. The
Fe compounds show spectral characteristics (pre-edge
peaks �a’ and �a�) that are absent in the spectra of Zn
compounds. De Groot et al. [47] have attributed the
pre-edge split peaks to transitions from the O 1s to 2p
states that are hybridized with the partially filled Fe 3d
band that are separated by the ligand-field splitting. The
pre-edge peaks in the spectra are absent for the Zn
model compounds because of the filled 3d orbital. Peaks
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labeled �b’ and �c’ are attributed to the O 1s to O 2p
transition that are hybridized with either the 4s or 4p of
Fe or Zn [47–49]. The polished steel substrate shows an
iron oxide consistent with Zhang et al. [14] investigation
of the O K-edge of antiwear films. The spectral differ-
ences between FePO4 and Zn3(PO4)2 enable a differen-
tiation between the phosphate formed at the surface
based on the oxygen species detected. XANES of films
derived from ZDDP show Zn2+ as the primary cation
[14], but Auger depth analysis [50,51] and XPS depth
profiling [14] has shown Fe as dominant in the bulk of
the films.

The O K-edge spectra obtained clearly indicates two
different types of oxygen are present in the region ana-
lyzed by XPEEM. A distribution map (figure 6b) was
generated in the samemanner as the P L-edge of the same
area. We attribute the region color coded as red to zinc
phosphate; this distribution is highly associated with the
long chain polyphosphate (figure 5c). This information
illustrates that the zinc is the principal cation present in
the near surface region of the antiwear film and not iron,
which agrees with the SK-edge XANES since no FeS was
found. The region that is essentially iron oxide, which is
colored coded as cyan, is strongly correlated to the short
chain polyphosphate spectra from figure 5c. We know
the iron oxide (cyan region) arises from the surface of the
steel substrate and the AFM data suggest that the cyan
regions were scarcely in contact with the reciprocating

surface at the end of the wear experiment as this area
looks almost pristine. We speculate that the short chain
polyphosphate could either arise from the decomposition
of ZDDP through a thermal process [52], by transfer
from the partially formed antiwear pads, or as a result of
a low load rubbed area.

Zhang et al. [14] found that the formation of ZnS is
thermodynamically favored over the formation of FeS,
and concluded that if any FeS does form, (not detected
in our experiments; figure 2 peak �a’), it is converted to
ZnS. The authors [14] also applied the usage of Pear-
son’s hard and soft acid and bases theory (HSAB) [5]
first employed by Martin et al. [4] to investigate anti-
wear film formation. The soft base S2) prefers to interact
with the borderline soft acid Zn2+ over the harder Fe2+

or Fe3+, which accounts for the formation of ZnS over
FeS. But phosphates are hard bases, which should first
react to form iron phosphates. Martin et al. [4] have
suggested that zinc phosphate digests iron oxide,
resulting in an exchange of Fe3+ cations with Zn2+

cations, causing the chain length to decrease with rub-
bing. Our findings are consistent with this picture, as the
a:c ratio averaged from the TEY P L-edge XANES
suggests a shorter chain polyphosphate in the bulk as
compared to the near surface region (XPEEM; TEY).
However, since the O K-edge spectrum for FeO and
FePO4 are similar, its not possible to distinguish
between FeO + Zn3(PO4)2 and Zn/Fe phosphate.
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Figure 6. Oxygen K-edge X-PEEM (a) Spectra of model compounds and X-PEEM spectra extracted from the tribofilm and (b) distribution map

of tribofilm. The cyan region indicates the presence of iron oxide; the red region indicates no iron oxide or iron phosphate. Black areas are regions

where the spectra were not fitted well. Regions of interest are indicated (labeled �A’ and �B’) and can be compared to other figures.
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An attempt was made to thin an antiwear film
section using a focused ion beam (FIB) to the near
interface region, but we found the influence of the
steel substrate in the spectra (resulting from the
removal of the film) masked the O K-edge data and
thus we could not obtain conclusive evidence of zinc
phosphate, iron phosphate or a mixture near the
interface.

3.4. EDX/SEM chemical and morphological
characterization of substrate

Mapping EDX/SEM of the region analyzed by
XPEEM was employed to characterize the elemental
distribution of the antiwear film and of the surface of the
substrate. Figure 7a shows a field emission SEM image
obtained at 5.0 kV beam energy to enhance surface
sensitivity. Figures 7b–f are EDX elemental maps for
Fe, O, P, S, and Zn, respectively. The brighter regions

correspond to an increased abundance of the respective
element. An EDX map was generated for carbon, but
not shown since carbon was found to be sparsely
distributed everywhere. Previous studies show that
XPEEM is truly a surface sensitive technique sampling
�2–5 nm into the material [21,23,30,52], while EDX
samples depths on the micron scale, and is employed as
a bulk sampling technique compared to XPEEM. There
is a very good correlation between the EDX maps, the
AFM topography and the distribution maps generated
from X-PEEM.

The EDX analysis confirms that regions containing
long chain polyphosphates (figures 5 and 6), are rich
in P, S, Zn and O. Fe is detected in this region, but at
reduced concentrations, and could arise from the
substrate. Comparing figures 5 and 6 to figure 7, we
also confirm a correlation between the locations of the
short chain polyphosphates and iron oxide, again
suggesting that the Fe and O signals arise from the
steel substrate.

Figure 7. (a) Field emission SEM image and (b) mapping EDX of the region analyzed by the X-PEEM. Brighter areas in the EDX map indicate

an abundance of that particular element (shown in the bottom right corner of the image). Both the SEM image and EDX maps were acquired at

5.0 kV, and 17 mm working distance. Regions of interest are indicated (labeled �A’ and �B’) and can be compared to other figures.
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3.5. Mechanical evaluation

Nanoindentation measurements were performed at
room temperature on the region studied by AFM,
X-PEEM and EDX/SEM. Topography images were
taken first on the regions with the same tip used to carry
out the indentation. The maximum indentation load
used to analyze the tribofilm was 50 lN applied in open-
loop mode with a constant loading rate of 10 lN/s and
then held for 5s and unloading with a constant rate of
10 lN/s. Indentation curves are analyzed using the
Oliver and Pharr [38,53,54] method, in which the top
30% of the slope of the of the unloading curve (S) can
be equated to the reduced modulus (Er) and projected
contact area (A) of the sample through equation (1) [38]:

S ¼ dP

dh
¼ 2

ffiffiffi

p
p Er

ffiffiffiffi

A
p

: ð1Þ

The reduced modulus (Er) can be related to the elastic
modulus (Es) of the sample as shown in equation 2, if
the Poisson ratio (mi) and elastic modulus (Ei) of the
indenter are known, and the Poisson ratio of the sample
is also known.

1

Er
¼ ð1� m2s Þ

Es
þ ð1� m2i Þ

Ei
: ð2Þ

The three-sided diamond Berkovich indenter has very
well defined properties, the elastic modulus is between
1000 and 1140 GPa, and possesses a Poisson’s ratio of
0.07, while the tip radius is approximately �200 nm.
The generally accepted value of the Poisson ratio for
52100 steel is �0.277 [55], but the Poisson ratio for the
antiwear films remains immeasurable. Therefore, we

report the indentation modulus (Es
*) shown in equation

3, which corrects for tip compliance and is independent
of the Poisson ratio of the film.

Es� ¼
Es

ð1� t2s Þ
¼ 1

E�
� ð1� t2i Þ

Ei

� ��1
: ð3Þ

Our analysis found two mechanically distinct regions of
the antiwear film. Figure 8a shows an AFM image of
the box-region illustrated in figure 1. Arrows point to
the various locations studied by nanoindentation.
Figure 8b shows two curves representative of the areas
analyzed. The blue curve yields an Es

* of 289±16 GPa,
indicative of the 52100 steel substrate [56] or iron oxide
(results not published), while the red curve has a more
plastic profile, and an Es

* of 82±18 GPa. The red curve
was taken on regions where the antiwear zinc phosphate
film has formed (figure 6b), and the blue curve is
extracted from a cyan region. The antiwear film was
found dispersed on the steel substrate, and the inden-
tation modulus was comparable to the Interfacial Force
Microscope (IFM) analysis on small alkyl-ZDDP
derived pads which was �74±20 GPa [39], and previ-
ous studies of the response of antiwear films on 52100
steel [9,11,12,20,28,56]. Figure 8a also shows the values
of the modulus determined for a number of locations
and the data demonstrate clearly that the areas associ-
ated with the lower moduli coincide with the presence of
antiwear pads. The data are consistent with previous
studies [6,7] and indicate that the pads are associated
with zinc polyphosphates, and that the modulus of the
pads is much lower than steel and that they act to
prevent the rubbing of steel-on-steel.
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Figure 8. (a) The 50� 50 lm2 AFM area examined by X-PEEM, SEM, and mapping EDX. The indentation moduli for different regions are

explained in detail in the text. (b) 50 lN force–distance (f–d) curves taken on the antiwear film. Imaging indentation permits selectivity of a

feature to within �60 nm resolution. Evidence is found that the cyan region differs mechanically from the antiwear wear film (red curve). See text

for details.
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4. Summary and conclusions

Analysis of the S-K edge, P L-edge and O K-edge
XANES of ZDDP derived antiwear films has been
undertaken. Used in conjunction with complementary
scanning probe methods (AFM, SEM/EDX and imag-
ing nanoindentation), the XANES data have yielded
useful new information on the chemistry of these
important materials as related to their function in
automotive lubrication.

In summary;

(1) The specific area analyzed with the AFM showed
two distinct regions, the lower region confirmed
mechanically to be 52100 steel, and the other a
mechanically softer, patchy and discontinuous film.

(2) The S K-edge XANES provided evidence for unre-
acted ZDDP and ZnS. The presence of SO4

2), and
SO3

2), could not be definitively proved or dis-
proved.

(3) The P XANES showed on average the presence of
short to medium chain polyphosphates, while the P
L-edge XPEEM spectra showed areas with long and
short chain polyphosphates corresponding to the
different regions of the film shown in the AFM data.

(4) The O K-edge XPEEM spectra enabled us to state
that the surface of the antiwear film is exclusively a
zinc based phosphate and not an iron phosphate.
The region, where the pre-edge peak appears, is
believed to be caused either by a bare steel substrate
or one covered by an extremely thin, short chain
polyphosphate film.

(5) SEM/EDX enabled us to confirm the presence of Fe
in regions where the steel substrate is exposed and a
weak iron signal where the phosphate glass is pres-
ent; however the EDX maps for Zn, P and S and O
are highly correlated.
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