Tribology Letters, Vol. 17, No. 2, August 2004 (© 2004)

microscopy and nanoindentation techniques

Mark A. Nicholls*, G. Michael Bancroft?, Peter R. Norton®*, Masoud Kasrai®, Gelsomina De Stasio®,
Bradley H. Frazer” and Lisa M. Wiese®

“Department of Chemistry, University of Western Ontario, London, Ontario, Canada N6A4 2B7
b Department of Physics, University of Wisconsin-Madison, Madison, WI 53706-1390, USA
“Syncrotron Radiation Center, University of Wisconsin-Madison, Stoughton, WI 53589, USA

Received 3 November 2003; accepted 22 December 2003

The first chemomechanical comparison between an antiwear film formed from a solution containing zinc dialkyl-dithio-
phophates (ZDDPs) to a solution containing ZDDP plus a detergent (ZDDPdet) has been performed. X-ray absorption
near-edge structure (XANES) analysis has shown a difference in the type of polyphosphate between each film. The ZDDPdet
film has been found to contain short-chain polyphosphates throughout. X-ray photoelectron emission microscopy (X-PEEM)
has provided detailed spatially resolved microchemistry of the films. The large pads in the ZDDP antiwear film have long-
chain polyphosphates at the surface and shorter-chain polyphosphates are found in the lower lying regions. The spatially
resolved chemistry of the ZDDPdet film was found to be short-chain calcium phosphate throughout. Fiducial marks allowed
for the re-location of the same areas with an imaging nanoindenter. This allowed the nanoscale mechanical properties, of
selected antiwear pads, to be measured on the same length scale. The indentation modulus of the ZDDP antiwear pads were
found to be heterogeneous, ~120 GPa at the center and ~90 GPa at the edges. The ZDDPdet antiwear pads were found to
be more uniform and have a similar indentation modulus of ~90 GPa. A theory explaining this measured difference, which
is based on the probing depths of all techniques used, sheds new insight into the structure and mechanical response of
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ZDDP antiwear films.
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1. Introduction

Understanding the mechanism by which zincdialkyl-
dithiophosphates (ZDDPs) minimize asperity contact
and hence reduce wear, is becoming more imperative
as environmental concerns begin to push for the reduc-
tion of ZDDP contained in engine oils. ZDDPs have
long been added for their antioxidant, antiwear and
extreme pressure wear protection. ZDDPs have been
studied on the chemical level for many decades and
only recently the apparent mechanism by which they
minimize wear has been partially understood. It is
widely accepted that ZDDPs breakdown in the unfor-
giving conditions in a combustion engine to create
reaction products that, under high temperature and
pressure, create sacrificial films that are responsible for
minimizing asperity contact [1]. The exact mechanism
by which ZDDP decomposes is still under debate.
However, recent studies using X-ray absorption spec-
troscopy (XAS) have shown that thiophosphates and
phosphates are created by decomposition of the ZDDP
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at the metallic surface. This interaction is responsible
for forming a polyphosphate film [2-5]. X-ray absorp-
tion near-edge structure (XANES) spectroscopy has
shown that the film is composed of a bilayer structure
in which short-chain polyphosphates are located at the
substrate (metal)/film interface and longer-chain
polyphosphates are located at the near-surface region
[2,6,7]. The cations such as zinc and iron are network
modifiers for the polyphosphate glass structure. The
multi-valent cations, have been suggested as being
responsible for cross-linking the polyphosphate groups
and forming the long-chain and possibly metaphos-
phate structures [7].

Due to the difficulties of studying films in situ, the
vast majority of surface morphology and topography
determination has been done after the rubbing process
has been stopped. Scanning electron microscopy
(SEM) [8-11] and atomic force microscopy (AFM)
[12—14] have provided morphological and topographi-
cal information about the films. It is well accepted that
the films have a mottled appearance across the rubbing
surfaces. The mottled nature of the film is representa-
tive of the rubbing history. Close examination of the
mottled structure shows the agglomeration of patches
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of small and large features that are raised from the
surface. These features, termed antiwear pads, can be
on the order of 300 nm in height [12-14]. Extensive
topographic imaging has shown that the antiwear pads
are elongated in the direction of rubbing [13,15] and
that the pads are located in regions that conform to
the contacting points on the reciprocating counter-sur-
face [13]. Recent studies of the antiwear pads, using
nanoindentation techniques, have shown that the pads
have unique elastic and viscoelastic properties. There
have been two main regions identified by topographic
imaging: regions containing the large (and or) small
antiwear pads and regions between these pads (val-
leys). It has also been determined that the films are,
mechanically, extremely heterogeneous. The antiwear
pads have been found to have an indentation modulus
(E¥) between 70 and 150 GPa [12-14,16,17] and
regions between the pads have been found to be much
softer and more susceptible to plastic deformation,
with an E} of ~35 GPa [12,13]. A detailed study of
the antiwear pads using an interfacial force microscope
(IFM) [18-20] has shown heterogeneity along and
across the pads [12,14]. It has been found that the cen-
tre of the pads are much stiffer and more elastic than
at the edges of the pads. This difference is probably
due to the higher loads experienced at the centre of
the pads due to the load applied by the counter-sur-
face causing a transformation of the material proper-
ties [12].

Advancements in the area of nanotechnology have
demanded an improvement in the spatial resolution of
many surface analytical techniques. One such improve-
ment is in XANES imaging, using an X-ray photoelec-
tron emission microscope (X-PEEM) [21-23]. It is now
possible to obtain spatially resolved XANES analysis
of sub-100 nm areas. This has now allowed for the spa-
tially resolved chemical analysis of ZDDP antiwear
films [7,24]. In combination with nanoindentation, the
first ever chemomechanical characterization of ZDDP
antiwear films were performed [7]. X-PEEM analysis
with a pixel resolution of ~200 nm and nanoindenta-
tion measurements at approximately the same length-
scale, were performed on ZDDP antiwear pads. It was
found that the surfaces of the large antiwear pads were
composed of longer-chain polyphosphates and regions
between the pads were a mixture of shorter-chain po-
lyphosphates and some unreacted ZDDP. The E? cal-
culated for the large antiwear pads was found to be
~81 GPa in agreement with others [12-14,16].

Fully formulated engine oil contains varying con-
centrations of detergents, dispersants, emulsifiers, vis-
cosity improvers, antiwear and antioxidant additives to
name only a few. This greatly complicates the chemical
reactions that are occurring in the engine oil and at
the rubbing surfaces, many of which can have anti-
synergistic effects. Important additives are detergents
and dispersants that are responsible for keeping insolu-
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ble products in suspension so that they can be
removed by filters. Concentrations of detergents can
vary from one engine oil formulation to the next, but
generally make-up about 5% of the oil formulation
[25]. Many detergents are metallic sulphonates, salicy-
lates and phenates [25]. Detergents have neutral and
basic forms; some are also available in overbased
forms. An overbased additive is one in which CaCO;
is incorporated into the organic structure to provide a
reservoir of alkalinity. The total base number (TBN) is
a measure of alkalinity and is defined as the amount
(mg) of KOH required, per gram of additive. It has
been found that metallic detergents have a anti-syner-
gistic effect on ZDDP inhibiting its ability as an anti-
wear agent [11,26-30]. XANES analysis has shown
that metallic overbased detergents affect ZDDP
decomposition and results in the formation of a short-
chain polyphosphate antiwear films [27,29,31]. It was
determined that the film lacked the bilayer structure
(long-chain at the surface, shorter-chain in the bulk)
that solutions containing ZDDP alone form. In con-
trast, the ZDDP plus detergent film was composed of
uniform shorter-chain polyphosphates throughout. The
authors suggest [27] that the poorer antiwear protec-
tion is due to the elimination of the long-chain poly-
phosphate film and the formation of shorter-chain
calcium phosphate.

In this study, detailed chemomechanical mapping,
at high resolution, has been attempted to provide a
comprehensive evaluation of the ZDDP antiwear film
generated in the presence of an overbased metallic
detergent. The chemical and mechanical properties of
selected features in the film have been compared to
those of an antiwear film formed from ZDDP in base
oil alone. This is the first investigation into the nano-
mechanical response of a long- and shorter-chain poly-
phosphate film with the intention of understanding
why one is a better antiwear film than the other. This
will provide a unique perspective into understanding
why ZDDP antiwear films are so effective and what
exclusive characteristics are required to create ideal
antiwear films.

2. Experimental
2.1. Antiwear film formation

The ZDDP antiwear films were formed in a Plint
wear tester under fullyflooded, boundary lubrication
conditions. The test geometry was a cylinder-on-flat
establishing a sliding line contact. The reciprocating
cylinder was manufactured from low alloy 52100 steel
6 mm in diameter and 6 mm in length. The steel sam-
ples were also manufactured from 52100 steel into
square specimens 10 mm X 10 mm X 4 mm in thick-
ness. The steel samples (coupon) and pins were austen-
itized and quenched. Their hardness was >60
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Rockwell C. The coupons were polished with 3 um
diamond paste to a surface roughness of ~10 nm
determined by atomic force microscopy. The test con-
ditions consisted of a rubbing time of 1 h at 100 °C,
with an applied load of 220 N and a frequency of
25 Hz. The ZDDP solution was a commercial ZDDP
obtained in pre-concentrated form from Imperial Oil,
Canada. The commercial concentrate is a mixture of
neutral and basic forms, consisting of secondary butyl
(85%) and m-octyl (15%) groups. The concentrate was
diluted using MCT-10 base oil to 1.2 wt.% resulting in
a phosphorus content of ~0.1% by weight. MCT-10
base oil is a mineral oil with a maximum sulfur con-
tent of 0.25 mass percent. An identical solution con-
taining 1.2 wt.% ZDDP plus 2 wt.% overbased
calcium sulphonate (TBN 400) in MCT-10 base oil
was prepared. The films were washed with hexanes
before analysis. A grid composed of fiducial marks
was created using a Vickers hardness tester using loads
of 100 and 500 g which made indents ~25 and
~150 um across, respectively. This grid allowed for
re-location of the same regions with the multiple tech-
niques discussed below.

2.2. XANES and X-PEEM analysis

Phosphorus and sulfur K- and L-edge X-ray absorp-
tion spectra give detailed information about the local
environment and oxidation of phosphorus and sulfur
in a film or on a surface. There are two modes of anal-
ysis offered by XANES that have different sensitivities
providing a thorough characterization of the surface
and bulk properties of the films. At the P K-edge, the
fluorescence yield (FY) mode of detection is a bulk
technique and can probe >800 nm of a film, while the
total electron yield (TEY) mode probes ~50 nm [32].
At the P L-edge, the detection limits for the FY mode
is ~60 nm and ~5 nm for the TEY mode. The phos-
phorus L- and K-edges data were collected at the
1 GeV Aladdin storage ring, University of Wisconsin,
Madison, WI. The K-edge data were recorded using
the double-crystal monochromator (DCM) beamline
with a photon resolution of ~0.9 eV and the L-edge
data were obtained using the Grasshopper beamline
with a ~0.1 eV photon resolution. Details of the TEY
and FY measurements are given elsewhere [33]. Similar
resolution is obtained at the sulfur K- and L-edges.
Two individual scans were recorded for each specimen
and digitally combined. The spectra were normalized
against I, and a linear background was then removed.

X-PEEM was performed using the SPHINX
[34] microscope (ELMITEC GmbH) installed on the
6 m-TGM (Toroidal Grating Monochromator) beam-
line at the 1 GeV Aladdin storage ring, University of
Wisconsin, Madison, WI (for details see Ref. [7,35].
The high-energy grating was optimized to give ~0.1 eV
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resolution at the P L-edge. Image intensity in X-PEEM
is similar to the XANES TEY and surface sensitivity
of the instrument was limited by the escape depth of
the secondary electrons at the P L-edge (~2-5 nm)
[32,35]. However, there are many other contributions
to the signal generation process—topography, shadow-
ing, charging, variable sampling depth and work func-
tion, among others. Thus one of the challenges of this
work was to develop and use analysis techniques which
emphasized the chemical (X-ray absorption) informa-
tion while simultancously de-emphasize the other con-
trast factors. Spatial distribution, in the SPHNIX
microscope is maintained by the use of a large electric
field (20 keV) between the sample and the aperture.
The resolution obtained in the images was chosen to
be ~200 nm per pixel. Sequences of images (0.1-0.2 eV
step size) were combined to produce a three-dimen-
sional data set or spectromicroscopy ‘stack’ [21] that
was analyzed to extract detailed phosphorus and sulfur
information about the antiwear films using aXis200
software [36]. After the first X-PEEM images and nan-
oindentation tests were performed the sample was then
sputter coated with 10 A of platinum and imaged
again with the SPHNIX spectromicroscope. The 10 A
platinum coating is used to reduce the charging of the
thick antiwear films [37,38].

2.3. Nanomechanical property testing

The surfaces were extensively examined prior to X-
PEEM analysis using a NanoScope I11a® atomic force
microscope (AFM) from Digital Instruments (Santa
Barbara, CA, USA). Topographic images allowed for
detailed understanding of the morphology and selection
of features of interest. The nanomechanical properties
of the antiwear films were examined using a force trans-
ducer® from Hysitron Inc (Minneapolis, MN, USA).
The transducer was mounted on an AFM-1 base, which
then allows for simultaneous constant force imaging
using the same tip as used for the indentation procedure.
The tip is a Berkovich diamond with a radius of curva-
ture of 100—-160 nm. This allows for topographic images
to be taken, with a sub —0.5 um resolution and selection
of specific features to perform mechanical property
tests. The tandem system allows for accurate measure-
ment of the displacement of the tip during the indenta-
tion process. The acquisition of force—displacement
(f-d) curves allow for the calculation of the hardness
and reduced elastic moduli (£*) using the initial slope of
the unloading curve as suggested by Oliver and Pharr
[39]. The system was calibrated for compliance and tip
abnormalities, using the commonly accepted method of
measuring a succession of indents into fused silica at dif-
ferent penetration depths to calculate the tip area func-
tion [40,41]. The reduced elastic modulus is defined
through the equation
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where E; and vs are the Young’s modulus and Pois-
son’s ratio of the sample, respectively and E; and v;
are the respective values for the indenter. The values
listed in this report are the indentation modulus of the
sample Eg*, given by

() e

in which the tip properties have been removed from
the reduced modulus value (E; = 1140 GPa; v; = 0.07)
in Eq. (1). Selected antiwear pads and other features
of interest, were chosen to perform indentation tests.
The antiwear pads were chosen because they were
identified in the X-PEEM images and thus analysed
chemically. The fiducial marks applied to the surface
allowed for the re-location of the same areas with all
techniques. The soft X-rays used during the XANES
acquirement of data had no apparent affect of modify-
ing the film and thus accurate measurement of the
mechanical properties could still be performed. From
topography images taken with the AFM and the imag-
ing nanoindenter, the approximate film thickness was
known and care was taken to use maximum loads that
kept the penetration depth into the film under 10% of
film thickness. This minimized the possibility of form-
ing pile-up and exceeding the 10% rule-of-thumb for
measuring mechanical properties of soft films on a
rigid substrate [40,42,43]. Topographic images were
taken before and after indents using the same tip. Suc-
cessions of indents were performed along or across the
selected features and the indentation moduli of the
films were calculated. Indents were spaced >300 nm
apart to avoid any affects of plastic deformation or
alteration of the film from adjacent indents.

EZ:

3. Results and discussion
3.1. Macro analysis at the phosphorus L-edge, XANES

Phosphorus L-edge spectroscopy provides detailed
oxidation and local geometry information about the P
species present in the ZDDP antiwear films. This is
possible due to the narrow line widths and high pho-
ton resolution at the L-edge. L-edge spectroscopy
probes the excitation of electrons from P2p occupied
orbitals to unoccupied antibonding orbitals. Model
compounds, with known composition, are used as ref-
erence materials to identify the P species present in the
film. The large area spectra are obtained from an
X-ray spot size (~2 x 3 mm?) and give an overall aver-
age spectrum for the antiwear film. In figure 1, spectra

for model compounds zinc polyphosphate and calcium
orthophosphate are shown along with the spectrum for
unreacted ZDDP. The characteristic triplet observed
for ZDDP can be observed [2]. The spectra of the zinc
and calcium phosphates are shifted to higher energy
and these spectra show four peaks @, b, ¢ and d. The
peaks for the calcium orthophosphate are shifted to
lower energy by ~0.5 eV compared to the zinc poly-
phosphate spectrum and a broad shoulder s; is also
apparent which is not present in the zinc polyphos-
phate spectrum. Different electronegativities for the
two cations result in slightly different antibonding
orbital mixing.

It has been determined from previous work [2,4-6,
14,44] that ZDDP antiwear films have a polyphos-
phate structure similar to that for the zinc polyphos-
phate glass (e.g., ZngP19O5;). In figure 1, the total
electron yield (TEY) spectrum from the ZDDP anti-
wear film shows peaks @, b and c¢ shifted to higher
energy from peaks 1, 2 and 3 of unreacted ZDDP thus
indicating decomposition of ZDDP has occurred and a
zinc polyphosphate has been formed. The assignments
for peaks a—d have been made elsewhere [45,46]. The
TEY spectra, at the P L-edge, probe the topmost sur-
face (~5 nm) [32]. The ratio of the peak heights of
either peaks a:c or peaks b:c provide a semi-quantita-
tive identification of the number of P in the polyphos-
phate chain length [5,7,46]. The FY mode spectrum
(~50 nm sensitivity) shows a smaller a:c ratio relative
to the TEY spectrum (figure 1). This indicates that the
bulk of the ZDDP antiwear film is composed of
shorter-chain polyphosphates than the surface. This
has been observed previously [2,7]. Yin et al.
[46] found that an a:c height ratio of ~0.3 corresponds
to ~8 P and a:c of ~0.5-~40 P in the polyphosphate
chain. The FY spectrum for the bulk ZDDP antiwear
film spectrum has a relative peak height ratio of
~0.16, less than the ~0.60 for the TEY spectrum.

The antiwear film formed from ZDDP and the
overbased detergent (ZDDPdet) (figure 1 bottom)
shows features characteristic of a calcium phosphate.
Peak ¢ of Ca;(PO,), is shifted to lower energy by
~0.5 eV compared to the Zn polyphosphate and aligns
with that of the ZDDPdet film. The broad shoulder s;,
observed on the high-energy side of peak ¢ also aligns
well with that of the film. The shoulder s; has been
observed previously [29] and is due to the incorpora-
tion of calcium into the phosphate glass structure but
an assignment for this peak has not been made. The
calcium incorporation is due to the nature of the over-
based detergent which has an excess of CaCO;3; used to
maintain the alkalinity. The abundance of calcium, in
solution, is then easily incorporated into the polyphos-
phate glass as a network modifier and is thus responsi-
ble for creating the shorter-chain structure [11,47].
Peak s, at ~142 eV in the ZDDPdet film is due to a
second order carbon signal (285 eV/2 =142 eV) also
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Figure 1. Phosphorus L-edge macroscale XANES spectra of unre-

acted ZDDP, model polyphosphates, and the antiwear films gener-

ated from a ZDDP solution and a ZDDP plus calcium sulphonate
(overbased) detergent solution are shown.

indicative of carbon incorporation into the film. The
relative peak a:c height ratio for the macroscale
ZDDPdet spectrum is ~0.20. This is less than that
measured for the ZDDP antiwear film indicating a
shorter-chain  polyphosphate structure. As was
observed by Kasrai et al. [29], our FY spectrum (not
shown) was identical (slightly poorer signal-to-noise
ratio), having no change in the a:c peak height ratio
indicating that the film is uniform and mostly shorter-
chain than the ZDDP antiwear film. It is highly plausi-
ble, due to the availability of zinc from ZDDP, that
the film formed from the ZDDPdet solution is primar-
ily a shorter-chain calcium polyphosphate glass inter-
mixed with some zinc phosphate. However, the Ca/Zn
ratio cannot be obtained from these spectra.

3.2. Macro analysis at the phosphorus K-edge, XANES

Figure 2 shows the fluorescence yield (FY) P K-
edge spectra obtained for the ZDDP and the ZDDP-
det antiwear film. Also shown in figure 2 are spectra
for unreacted ZDDP and ZngP,70O3; polyphosphate
and Caj3(POy),. The P K-edge also provides chemical
information about the chemical state of the P species
contained in the film. The K-edge measures the transi-
tion of core 1s electrons to unoccupied p-like valence
states. The surface sensitivity is ~50 nm for the TEY
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Figure 2. Phosphorus K-edge macroscale XANES spectra of unre-

acted ZDDP, model polyphosphates, and the antiwear films gener-

ated from a ZDDP solution and a ZDDP plus calcium sulphonate
(overbased) detergent solution are shown.

mode and >800 nm in the FY mode [32]. Thus the
FY spectra shown in figure 2 provide bulk information
about the films (the TEY spectra were essentially iden-
tical and thus are not shown). It can be observed that
the antiwear films spectra have shifted to higher energy
compared to that of the unreacted ZDDP. Compari-
son of the ZDDP antiwear film to the polyphosphate
glasses shows that the film is essentially zinc polyphos-
phate. Lack of a pre-edge peak (low energy side of
peak 2) indicates that there is no iron phosphate
located in the bulk of the film [29]. A difference
between zinc polyphosphate and calcium phosphate
can be observed when comparing ZngP;q03; to
Ca3(POy),. The main peak at ~2152 eV (in ZngP1903)
is shifted to slightly lower energy (2151.8 ¢V) in the
Ca3(POy), orthophosphate, in agreement with the
L-edge shift discussed above. Furthermore a shoulder,
labelled s, at ~2155 eV can be observed which is asso-
ciated with calcium. Comparison of the ZDDPdet film
to the Ca;(POy), orthophosphate glass shows the small
shift of the main peak 2, to lower energy and the
shoulder s at ~2155eV. The shoulder at 2155 ¢V is
due to the incorporation of calcium from the CaCOj;
from the overbased detergent, in agreement with the
results found in the corresponding L-edge spectra [27,
48]. This has also been reported by infrared studies by
Willermet et al. [11,47].
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Figure 3. Sulfur K-edge macroscale XANES spectra of unreacted

ZDDP, model compounds, and the antiwear films generated from a

ZDDP solution and a ZDDP plus calcium sulphonate (overbased)
detergent solution are shown.

3.3. Macro analysis at the sulfur K-edge, XANES

The S K-edge macro XANES spectra of model
compounds and antiwear films formed from ZDDP
alone and in combination with overbased calcium sul-
fonate (ZDDPdet) are presented in figure 3. It can be
observed that a significant portion of the antiwear
films is composed of the reduced form of sulfur (-II).
It can be noted that the ZDDP antiwear film spec-
trum is essentially identical to ZnS. On addition of
the overbased sulfonate detergent to ZDDP, the
resulting antiwear film composition changes some-
what. Although a significant proportion of the film
has sulfur in the reduced species, very little calcium
sulfonate (peak 2) can be detected. A large peak at
~2477 eV indicates the formation of a sulfite (S')
observed as peak 5. Kasrai er al. [49] describe this
process as the disproportionation of sulfonate to form
sulfite and some sulfate (SV', see peak 3) in the bulk
(~50 nm) of the film. The small amount of sulfate
contained in the film is a reflection of the stability (in
air) of the high-overbased detergent [49]. Wan et al.
[27] also found that addition of calcium phenate to a
ZDDP solution resulted in the formation of sulfate
and sulfite in the antiwear film. Furthermore, when
the amount (wt.% phenate) was increased the amount
of sulfite increased, helping to explain the intense
peak at ~2477 eV.
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3.4. Analysis at the sulfur L-edge, XANES
and X-PEEM

The S L-edge macro-TEY spectra for unreacted
ZDDP, FeSO4, ZnS and the overbased calcium sulfo-
nate are shown in figure 4. Also shown are the spectra
obtained from the ZDDP antiwear film and the
ZDDPdet antiwear film, as well as a spectrum
extracted from the X-PEEM data for the ZDDPdet
film. The S L-edge TEY spectra probe the topmost
5 nm of the surface. Peak « is due to the reduced form
of sulfur (-II). The characteristic quartet is observed
for unreacted ZDDP. Peak « is also present in the ZnS
spectrum. Peaks b and ¢ observed for the detergent is
due to the sulphonate (SY).

It can be observed that there is a depletion of sulfur
at the surface of the ZDDP antiwear film. Peak « is
very broad and it appears that the sulfur species pres-
ent is mostly unreacted ZDDP combined with some
ZnS character. Broad peaks at ~173 and ~181 eV
indicate that some sulfate (S¥') is present at the sur-
face of the film. Peaks 1 and 2 are assigned to the sec-
ond order (~350 eV/2=175¢V) doublet associated
with calcium [27,31]. These peaks suggest the presence
of calcium on the surface of the film. As was shown
above, calcium phosphate is the primary phosphate
species in the antiwear film when overbased detergent
is mixed with ZDDP. Similar spectra were obtained by
Wan et al. [27] for a ZDDP plus calcium phenate
detergent and by Kasrai et al. [48,49] for low and high
overbased calcium sulfonate detergents. Examination
of the ZDDPdet antiwear film also shows weak peaks
b and ¢, an indication that some unreacted calcium
sulfonate is present in the film.

X-PEEM imaging was also performed at the S L-
edge for both films. Sulfur was not detected in the
ZDDP antiwear film and trace amounts were detected
in the ZDDPdet film (see bottom spectrum in figure 4).
There is a small indication of some unreacted ZDDP
by the presence of peak a. There are two broad peaks
also observed at ~173 and 181 eV which indicate that
sulfur has been oxidized to sulfate. No second order
calcium was detected because of the very low second
order component from the 6 m-TGM beamline.
Unfortunately no changes in chemistry were detected
between different regions in the X-PEEM S L-edge
stack for the ZDDPdet film. The smaller area selection
used, in the X-PEEM analysis, resulted in much
weaker total electron yield spectra and thus a poor sig-
nal-to-noise ratio, making it impossible to spatially
map the sulfur species in the film.

3.5. X-PEEM: Micro XANES spectroscopy
at P L-edge

The microchemistry of the films can now be
obtained using X-PEEM spectroscopy at the P L-edge
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Figure 4. Sulfur L-edge macroscale XANES spectra of unreacted

ZDDP, model compounds, and the antiwear films generated from a

ZDDP solution and a ZDDP plus calcium sulphonate (overbased)

detergent solution are shown. In addition, an X-PEEM spectrum
from the ZDDPdet film is also shown.

and compared to the macroscale spectra obtained in
figure 1. The X-PEEM areas are orders of magnitudes
smaller than obtained from the conventional XANES
spectra (4 mm?); typical areas can be several tens of
nm’ to tens of um’. In figure 5, X-PEEM spectra
(TEY mode) obtained from the ZDDPdet antiwear film
(spectrum D) and ZDDP antiwear film (spectra E and
F), are shown. Comparison of spectrum D to the
model calcium phosphate (spectrum C) indicates that
the ZDDPdet film spectrum is very similar to that of
calcium phosphate. All the features including peak
height ratio of peaks a:c, the slight shift to lower
energy (of peaks a—c) and the presence of shoulder s
are very similar. On the other hand, spectra E and F,
from the ZDDP film, are remarkably similar to the
zinc polyphosphate (spectrum B). Shoulders’ is due to
the presence of a small amount of unreacted ZDDP
and its effect will be discussed later. Comparison of
these spectra to the corresponding large area spectra in
figure 1 reveals that similar resolution and chemical
information can be obtained from the micro-spot of
X-PEEM analysis! It is not surprising that the
X-PEEM spectra are quite similar since the probing
depth of the low energy, secondary electrons collected
by the X-ray spectromicroscope is essentially the same
as TEY XANES spectra [32,35]. Areas for analysis
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Figure 5. Phosphorus L-edge macroscale XANES spectra of unre-
acted ZDDP (a) and model polyphosphates (b, ¢). Also shown are
the X-PEEM spectra obtained from selected regions in the antiwear
films generated from a ZDDP plus calcium sulphonate (overbased)
detergent solution (d) and a ZDDP solution (e-h). “The internal
model spectra are identical to those used in reference [7] which is
possible since the zoomed region is from the same P L-edge spec-
tromicroscopy stack.

were selected from within the spectromicroscopy stack,
because they were identified as being large or small an-
tiwear pads, located between pads, or had unusually
high or low electron intensity in the stack image. The
software [36,50] allows for selection of a single pixel,
or regions of several pixels in size to extract XANES
spectra. The spectra resulting from the selected regions
are an average spectrum over all the pixels contained
in the region. Thus some spectra are the average of a
few pixels (usually have poor signal-to-noise) or sev-
eral tens to hundreds.

Spectra E and F, of the ZDDP antiwear film, were
extracted from the stack and used because they are
obviously different and had good signal-to-noise ratios.
They also provided well resolved peaks a, b and c,
which is due to the small selected areas and therefore
less “mixing” of spectra from areas containing unre-
acted ZDDP, partially reacted ZDDP as well as differ-
ing chain lengths of polyphosphate. Furthermore and
most importantly, they have different relative peak a:c
height ratios. Spectrum E has a larger a:c ratio and is
thus representative of ‘“‘longer-chain”. It is important
to note that the backgrounds are slightly different
between these spectra and the macroscale spectra
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(in figure 1) and thus only a semi-quantitative compar-
ison of polyphosphate chain length can be made.
These spectra are labelled as internal model spectra
since they were acquired from within the spectromi-
croscopy stack. It should be noted that these spectra
are identical to those used in Ref. [7] since they are
acquired from the same stack-sequence, but from a
different region. Spectra G and H are also obtained
from the spectromicroscopy stack of the ZDDP anti-
wear film and their method of extraction will be dis-
cussed more thoroughly below.

3.6. Chemomechanical mapping

3.6.1. ZDDP antiwear film

Fiducial marks placed across the wear scar allowed
for locating and re-locating of features of interest.
These features, generally large antiwear pads, were
selected for investigation because they have been sug-
gested as being responsible for limiting asperity contact.
Thus, it is beneficial to study these pads thoroughly to
understand their chemical identity and mechanical
response under pressure. Other areas of interest are
found between the large antiwear pads where un-
reacted or reaction intermediates of ZDDP are thought
to be present. AFM topography images allowed for the
initial selection of these regions. Spectromicroscopy
image sequences (stacks) were taken at these locations
at the P L-edge. We have performed similar analysis on
ZDDP films in a previous study [7]; however we want
to emphasise that the results are reproducible, in differ-
ent areas of a ZDDP film and use these new results to
compare to the ZDDPdet film. Once the correlation
between the topography images and the spectromicros-
copy stacks were made, areas and selected features were
chosen to extract spectra. As was briefly described
above, regions that had interesting features such as
high or low signal intensity, or had larger pads, small
pads, or between antiwear pads were examined. Once
spectra, with decent signal to noise ratios, were
obtained and had significantly different a:c peak height
ratios, chemical distribution maps could be made.

In figure 5 the internal model spectra for the long-
and shorter-chain polyphosphates (spectra E and F)
can be observed. Comparison between the two spectra
show a significant difference in the relative peak height
ratios of peaks a:c and that both spectra are very simi-
lar to the zinc polyphosphate (spectrum B). The inter-
nal standard method, which allows for the most
accurate mapping when regions of pure material can-
not be identified in an area, was used in all cases [23].
A pixel-by-pixel linear regression procedure, using the
singular value decomposition (SVD) technique [23],
was used to derive the polyphosphate component maps
from the internal model spectra. Component maps are
images that identify the spatial distribution of chemical
species that are similar, for example in this case distin-

guishing areas of long- and shorter-chain polyphos-
phates. Once the component maps have been created
they are used to generate individual signal masks. A
signal mask allows for selection, in an X-PEEM stack,
of all pixels with virtually identical spectra. These pix-
els are averaged to produce long- and shorter-chain
map average spectra. In figure 5, spectra G and H
show the map average spectra obtained from the spec-
tromicroscopy stack for the long- and shorter-chain
regions. It can be observed that, as expected, the spec-
tra have significantly different a:c peak height ratios
and that they are almost identical to the original inter-
nal model spectra used (spectra E and F). This is an
indication of the success of the mapping procedure. A
small shoulder at the low energy side of peak a, has
been labelled s' and represents some unreacted ZDDP.
This was identified in both the long-chain internal
model and map average spectra. This indicates that in
the regions where long-chain polyphosphates are
found, so too is some unreacted ZDDP. This may be
one of the beneficial properties of ZDDP as an anti-
wear agent because as the film wears away there is un-
reacted ZDDP ready to replenish the antiwear pads at
these high contact points. It is important to note that
this small peak will have a small effect on the relative
peak height of peak a however the difference in the rel-
ative peak heights between the long- and shorter-chain
polyphosphates are still significant enough to distin-
guish a difference. The component maps are then used
to create a polyphosphate distribution map.

Figure 6 shows secondary electron X-PEEM images
(a and c) of a large, elongated antiwear pad, along
with the respective polyphosphate distribution maps (b
and d). An AFM topography image of this antiwear
pad can be seen in figure 7 for comparative purposes.
Figure 6(c) and (d) shows the effect that the 10 A plat-
inum coating has on the charging of the thick poly-
phosphate film. In figure 6(a) dark patches can be
observed along the antiwear pad. These are charging
regions where electron emission has been suppressed
due to the non-conducting nature of the polyphos-
phate, particularly where the film is thick. This pad is
known to be thick by measurements made with the
AFM (figure 7(c)). Even with charging, quality spectra
could still be obtained from selected regions and were
found to have significantly different a:c relative peak
height ratios (see spectra in figure 5). It was also possi-
ble to map the polyphosphate distribution in the anti-
wear film. Yellow symbolises longer-chain (a:c ~0.74)
and blue represents shorter-chain (a:c ~0.52) polyph-
osphates. However, when the platinum coating was
sputtered onto the polyphosphate film an electrical
contact was made around the pads and the number of
electrons at each pixel increased, with the large pads
giving the brightest regions (see figure 6(c)) rather than
the darkest in the uncoated sample (figure 6(a)). This
eliminated the charging and decreased the residuals
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Figure 6. The secondary electron images obtained by the X-PEEM
(a and ¢) and the corresponding polyphosphate distribution map (b
and d). Figures (a) and (b) are from the non-coated sample and Fig-
ures (c) and (d) are from the sample after it was sputter coated with
10 angstroms of platinum. The large antiwear pad of interest is out-
lined. A difference in the quality of mapping can be observed after
the platinum sputter-coating is applied. Yellow in the polyphosphate
distribution map indicates the location of longer-chain polyphos-
phates and blue represents the location of shorter-chain polyphos-
phates. A colored version of this figure can be found in the PDF
version of this document.

from the fitting procedure, clearly making a better
polyphosphate distribution map (figure 6(d)). A differ-
ence was detected in the relative peak height ratios of
peaks a:c of the spectra obtained, when the film was
coated. However, the a:c difference was large enough
to still distinguish large and shorter-chain polyphos-
phates. As can be seen by comparing figure 6(b)—(d),
the general trend is still preserved. More detail about
the charging and the effect of the coating on the spec-
troscopy of the polyphosphate film will be discussed in
a forthcoming publication.

Figure 7(a) and (b) are the corresponding AFM
topography images that allow for an accurate exami-
nation of the morphology and height of the elongated
antiwear pad. It can be observed in figure 6(d) that a
significant portion of the elongated antiwear pad has
long-chain polyphosphates at the surface. Also from
the topography image it can be seen that the lower
regions (darker areas) are made up primarily of
shorter-chain polyphosphates in figure 6(b) and (d).
Figure 7(b) shows an enlargement of the center por-
tion of the elongated antiwear pad. This topography
image allows for accurate determination of the height
profile of the antiwear pad. A cross-sectional analysis
of the pad was performed along the dotted line in fig-
ure 7(b). The sectional analysis is shown in figure 7(c).
From this figure the antiwear pad can be found to be
~300 nm thick.
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Figure 7. An AFM topography image of the elongated antiwear pad

in figure 6. The large antiwear pad of interest is outlined in (a). A

zoomed region of (a) is shown in (b). Region A and Path B are

marked to show the locations where nanoindentation measurements

were performed. A topographic profile image taken along the dotted

line in (b) is shown in (c). A colored version of this figure can be
found in the PDF version of this document.

A series of nanoindentations were performed in
Region A at the edge of a large pad outlined by the
box and along the Path labelled B in the middle of a
pad. Indents were performed to maximum loads of
50 uN, to measure accurately the mechanical properties
of the film without sensing the steel substrate below the
film. This load generally had maximum penetration
depths of <15 nm which does not exceed the 10%
rule-of-thumb for measuring the mechanical properties
of soft materials on hard substrates [40,42,43]. The
indention modulus (£¥) was calculated using the tech-
nique suggested by Oliver and Pharr [39] and utilises
the initial slope of the unloading curve. The f-d curves
representative of the two areas (A and B) and one
taken in 52100 steel (no film) are shown in figure 8.
The calculated indentation modulus (E¥) for Region A
was determined to be 87.8 £ 3.9 GPa from f—d curves
taken at the edge of the pad and that for f—d curves
taken along Path B, to be 119.5 £ 5.8 GPa. Typical
values obtained for steel range between 210 and
250 GPa. The values in parenthesis beside the values
listed in figure 8 are the number of E¥ values, calcu-
lated from f—d curves, averaged together to determine
the value. The statistical errors given for these averages
represent a standard deviation of 2¢ and are quite
small. This indicates that these values are statistically
quite different for the edge and the middle of the anti-
wear pad in this region. Values similar to these,
obtained for the ZDDP antiwear film, by others
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Figure 8. Representative force-distance curves for Region A and

along Path B as indicated in figure 7(b).The average reduced elastic

moduli Eg* values calculated from the f-d curves are also given. The

values in parenthesis indicate the number of values used to calculate
the average and statistical error.

[12—14,16,17] are on average, between 70 and 120 GPa.
The measure of the stiffness of a material can be deter-
mined by the slope of the initial portion of the unload-
ing curve, the stiffer the material the steeper the slope.
It can be observed that 52100 steel has the steepest
unloading curve followed by Path B and then Region
A. The maximum depth of penetration into the film is
defined as the total displacement into the film at maxi-
mum load. For the representative indent on Path B
and into the 52100 steel, this is ~9 nm. This indicates
that we are only measuring the near-surface region of
the antiwear pad. This is very close to the sampling
depth of the TEY signal obtained from the X-PEEM
(2-5 nm). These values indicate that the center of the
antiwear pads is stiffer than the edges. It is important
to point out that the f—d curves were taken >300 nm
apart to avoid influence from neighbouring indents.
Furthermore, the indentation experiments taken along
the edge of the antiwear pad was significantly far
(>500 nm) from the edge of the antiwear pad as to
avoid irregularities in the response of the film. The
shape of the f—d curve can also tell a lot about the
material response. Hysteresis between the loading and
unloading portions of the f—d curve indicates the elastic
behaviour of the film. Force curves with no hysteresis
indicate that the film has fully recovered after unload-
ing and is thus elastic. It can be observed from these
f-d curves that the center of the pad (Path B) has a
greater elastic response than the edge (Region A); the
hysteresis in the curve representative of Region A is
larger (~8 nm compared to 4 nm). Furthermore, it can
be observed that the center of the pad has a larger
recovery in the hysteresis than steel indicating that it is
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also more elastic than steel. Others using an IFM
[12] observed this trend. However, Graham et al.
[12] found a larger variation between the center and
edge of the pad. This may be due to the difference in
calculation of indentation modulus and also the geome-
try of the indenter tip. In this study, with a Berkovich
diamond tip (radius: 100-160 nm), the E* measured
averages the material response over a larger area than
that measured using the smaller (<80 nm) IFM tip.
This may also be an indication of the heterogeneity of
the film suggesting that comparing exact numbers
between researchers has to be done with caution.

A second area of the same antiwear film was chosen
for analysis. This region is located in an area composed
of smaller antiwear pads, with lower height profiles
between large elongated pads. Figure 9(a) shows the X-
PEEM clectron image of the antiwear pad. The dark
region in the center of the image is the antiwear pad;
the antiwear pad is sufficiently thick that it charges in
the secondary electron image, resulting in electron sup-
pression and a dark hue in the image. An image was
acquired after the film was sputter coated with plati-
num, which eliminated the charging and is not shown.
The polyphosphate distribution map, generated from
the internal model spectra shown in figure 5 is shown
for this region in figure 9(b). The use of the same inter-
nal model spectra was possible since both these regions
were located on the same full-scale X-PEEM spec-
tromicroscopy stack. Figure 9(c) shows the AFM
topography image of the region of the antiwear film
examined. The area surrounded by the white box is the
antiwear pad highlighted in images A and B. In the
polyphosphate distribution image, it can be seen that
the antiwear pad has a larger distribution of the
longer-chain polyphosphates (yellow regions). This
region also shows that the adjacent areas also contain a
significant amount of long-chain polyphosphates. This
may be another positive feature of ZDDP antiwear film
formation, in that longer-chain polyphosphates form
quite quickly even in lower lying regions of the anti-
wear film. As was found in other areas of the ZDDP
film using X-PEEM [7], intermixing of long-, shorter-
chain and unreacted ZDDP was found in-between and
around the large antiwear pads. This may be ideal
under rubbing conditions where these regions act like
reservoirs able to replenish the film as it wears away.

3.6.2. ZDDP + detergent antiwear film

The morphology of an antiwear film formed from a
solution containing 1.2 wt.% ZDDP and 2 wt.% cal-
cium detergent is significantly different than from a
solution of 1.2 wt.% ZDDP alone. In figure 10, AFM
topography images show characteristic regions of the
respective antiwear films (sliding direction is horizontal
across both films). Figure 10(a) is that of the ZDDP
antiwear film and figure 10(b) for the ZDDPdet film
(both have the same height scales). The good antiwear
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Figure 9. The secondary electron image obtained by the X-PEEM
(a) and the corresponding polyphosphate distribution map (b) are
shown for a different ZDDP antiwear pad. An AFM topography
image (c) shows the location of the antiwear pad in (a) and (b) out-
lined by the white box. Yellow in the polyphosphate distribution
map indicates the location of longer-chain polyphosphates and blue
represents the location of shorter-chain polyphosphates. A colored
version of this figure can be found in the PDF version of this
document.

film is obtained by ZDDP alone and has significantly
larger antiwear pads that are elongated in the direction
of rubbing. The antiwear pads (or streaks) are several
tens of microns long and several microns wide. Fur-
thermore the film’s thickness is greater than 250 nm in
many locations. The ZDDPdet antiwear film has a
much smaller thickness never exceeding 200 nm; in
fact, greater than 60% of the film lies below this
threshold. In contrast, it appears that >50% of the
ZDDP antiwear film is above 250 nm. Furthermore,
the film appears flat and the antiwear pads do not
have the convex morphology that they do in the
ZDDP film. This film is similar in morphology to an
aryl-ZDDP film generated under the same conditions
[13] but with no detergent, which was also found to
have poor antiwear characteristics. It appears that the
addition of the detergent is in some way affecting the
mechanism by which the film forms and sustains itself.

An AFM topography image is shown in figure 11(a)
from the ZDDPdet film. Larger antiwear pads and
smaller smeared regions can be observed. It should be
noted that these larger antiwear pads are still signifi-
cantly smaller than the large antiwear pads found in

350.0 nm

175.0 rm

0.0 nm

= 350.0 nm

175.0¢ nm

0.0 nm

50,0
pm

Figure 10. AFM topography images of the ZDDP antiwear film (a)

and ZDDPdet antiwear film (b) show differences in the morphology

of the films. Differences in the sizes of the antiwear pads and height

profiles can be observed. Identical scale bars are provided. A colored

version of this figure can be found in the PDF version of this
document.

the antiwear film formed from a solution containing
only ZDDP. Analysis of the selected areas, shown in
figure 11(b) gave spectra as shown in figure 11(c). Sev-
eral regions of the film were examined using X-PEEM.
An image was acquired after the film was sputter
coated with platinum, which eliminated the charging
and is not shown since the antiwear pads are easily
seen in the charging image. Many regions were selected
for spectra extraction. These areas consisted of low or
higher intensity electron signal in the electron images;
and were recorded on large or small antiwear pads, or
on regions between or around antiwear pads. The
spectra for the selected regions are numbered corre-
sponding to the numbers in the X-PEEM image. Oth-
ers are not shown since most were identical. The
spectra are an average of the spectra from all pixels
contained in each of the outline areas. All spectra
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Figure 11. An AFM topography image of the ZDDPdet film (a)
shows smaller antiwear pads. An X-PEEM image of the correspond-
ing region shows the areas that were selected to extract P L-edge
XANES spectra using the X-PEEM software. Some regions are
numbered to identify the corresponding spectra in (c). In most cases
the film was chemically identical and so only a selected few regions
are shown. A colored version of this figure can be found in the PDF
version of this document.

appear identical. The average relative peak height
ratios for peaks a:c is ~0.35-0.40. This is in contrast
to what was found for the ZDDP antiwear film
(>0.50 see figures 1 and 5 for example). From fig-
ure 11(c), it can be determined that the film has a cal-
cium orthophosphate structure. The shoulder marked
s1 18 an indication of the calcium contained in the film.
Furthermore there is a slight shift to lower energy of
peak ¢, which is characteristic of calcium phosphate

M. A. Nicholls et al.|Chemomechanical properties of antiwear films

glasses (see figure 1 for example). One small difference
that can be observed in the spectra is the height of the
shoulder s;. In some spectra, this is higher than in oth-
ers. It has been suggested that the intensity of this
shoulder is an indication of the amount of calcium in
the film [27]. Since the phosphate spectra were similar
in all regions, it was not possible to create polyphos-
phate distribution maps.

Understanding the mechanical response of ZDDP
antiwear films is beneficial to determining how it
responds under load. It has previously been deter-
mined that in the ZDDP antiwear film, the large anti-
wear pads, have longer-chain zinc polyphosphates at
the surface and shorter-chain polyphosphates in the
bulk [2, 7]. New insight into the mechanical response
of antiwear films could be provided if a difference in
modulus can be measured for the film, when the sur-
face and the bulk of the film is identical. This would
help to determine exactly what characteristics are ideal
for preventing wear. Since the ZDDPdet antiwear film
is composed entirely of shorter-chain polyphosphates
and has an anti-synergistic effect on wear, it is highly
plausible that the film may have a different mechanical
response than when it has a layered structure. Detailed
nanoscale mechanical characterization of the ZDDPdet
antiwear film is shown in figure 12. Since the film was
found to be thinner than the ZDDP antiwear film,
maximum applied loads for the indentation experi-
ments were kept low (35 uN). This resulted in average
penetration depth of <11 nm into the film. Several
indents were taken on selected features. Each indent
was spaced ~500 nm from its neighbours. The average
indentation modulus for each of three antiwear pads is
shown in figure 12. Figure 12(a) shows an AFM
topography image with the antiwear pads (with mark-
ers) that were mechanically tested by nanoindentation.
Representative f—d curves are shown in figure 12(b) for
each of the three pads. These are compared to an f—d
curve taken into steel to the same maximum load. It
can be observed that the films all have relatively simi-
lar elastic responses to the indentation procedure
(within statistical error). The average extracted E¥ val-
ues are shown for each antiwear pad (the number in
parentheses is the number of f—d curves taken in each
pad; the E¥ is calculated for each f-d and averaged
together to give the average E¥). The large number of
f-d curves taken, resulting in a small statistical error,
signifies a good consistency in the calculated E¥ for
each antiwear pad. The E¥ values varied between 83
and 90 GPa. Furthermore this is an indication that the
antiwear pads formed from the ZDDPdet film are
more homogeneous than those formed from the
ZDDP alone solution. These values are statistically
different from the values obtained earlier for the
ZDDP antiwear film 119 GPa for the center and
90 GPa for the edges. These results indicate that there
is in fact a difference in mechanical properties between
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Figure 12. An AFM topography image of the ZDDPdet film (a) shows smaller antiwear pads that are marked corresponding to the indenta-

tion analysis. Representative force-distance curves for the corresponding antiwear pads are shown (b). Also listed are the average indentation

moduli and statistical error calculated from the number of f-d curves listed in the parenthesis. A colored version of this figure can be found
in the PDF version of this document.

the antiwear pads in a ZDDP antiwear film to a
ZDDPdet antiwear film. This is the first time that the
nanoscale mechanical properties of an antiwear film
formed from a solution containing ZDDP and a deter-
gent has been measured. Furthermore this is the first
time that chemomechanical mapping of a film formed
for a solution containing ZDDP plus detergent has
been performed.

There are two possible effects that may influence the
mechanical response of the ZDDPdet polyphosphate
film. The simplest and most probable, theory is that
there is an influence due to the CaCO; which has been
incorporated into the film. Analysis of the C K-edge
of the detergent film showed the presence of calcium
carbonate (not shown). Giasson et al. [51,52] using
infrared reflection absorption spectroscopy, found that
rubbing of overbased calcium sulfonate alone in base
oil resulted in the formation of a film containing cal-
cium carbonate which can crystallize to form calcite.
Willermet et al. [11,47] found carbonate in the film
when ZDDP was added to the base oil. Wan et al.
[27] using C K-edge XANES found that calcium car-
bonate was in the film and that the result of increasing
the total base number (hence the amount of CaCOs)
resulted in a film that had a lower phosphorus areal
content per mass area. These findings are all in agree-
ment with our P and S K- and L-edge results.

The second explanation may be centred on the
probing depth of the indentation experiments and that
for the X-PEEM measurements. X-PEEM analysis is
performed on the top 2-5 nm of the surface. Indenta-
tion experiments probe the top 10-20 nm of the film.
It is possible that in the ZDDP film, which has a

layered structure, a majority of the mechanical
response of the film is due to the bulk of the film
(which is shorter-chain polyphosphate) and not due to
the top 2-5 nm of the film. The E¥ values obtained in
this study were measured using a diamond indenter
and calculated using the method of Oliver and Pharr
[39]. This method calculates the reduced modulus (£*)
of the film based on the slope of the initial portion of
the unloading curve. As can be seen from the f-d
curves in figures 8 and 12, this is already >10 nm
into the film. Thus, the elastic response of the film is
dominated by the bulk properties (or short-chain
polyphosphate). This may be a reason for the similar-
ity between the edges of the large antiwear pads (from
the ZDDP alone film) and the pads in the ZDDPdet
film. Measurements of the mechanical properties of
the film have previously been performed using an
IFM [12-14]. The IFM has the ability to measure the
elastic response of the topmost few nanometers of a
surface [18-20]. The f—d curves are fitted using Hertz-
ian mechanics that determine the E* value based on
fitting of the initial portion of the loading curve. In
many cases this can be only the very first few nanom-
eters of the film penetration. Simply, the steeper the
slope, of the initial portion of the loading curve, the
stiffer the material. Indentation modulus values
obtained for a ZDDP antiwear film, using the IFM,
have found values that vary as close to that for steel.
This may suggest that the mechanical response of the
surface of the ZDDP antiwear pad may be quite dif-
ferent (stiffer) than that for the bulk, which has been
measured here. This extrapolation then suggests that
the ZDDP antiwear pads have a stiffer elastic shell



258 M_.A. Nicholls et al./|Chemomechanical properties of antiwear films

than the bulk, which has been suggested earlier [13].
Warren et al. [13] found an inflection point in the f—d
curves taken on ZDDP that indicated that the tip
penetrated a stiffer layer and then entered a softer
more compliant layer. They described this event as a
plastic threshold.

4. Conclusion

We have provided the first thorough chemomechan-
ical comparison of antiwear films formed from solu-
tions containing ZDDP and ZDDPdet. This has been
performed using XANES, X-PEEM and imaging nan-
oindentation techniques. Using a grid of fiducial marks
the same areas, of the antiwear films, were located
with all techniques. It was found that:

e AFM images showed that the ZDDP film had a
significantly different morphology than the ZDDPdet
film. The overall height profile and size of antiwear
pads, was larger than that for the ZDDPdet film.

e P L-edge micro-spectroscopy obtained using X-
PEEM agreed with that taken on the macroscale,
which shows that longer-chain zinc polyphosphates
are found at the surface of the film.

e Polyphosphate species were spatially resolved in the
ZDDP film. Longer-chain zinc polyphosphates were
located at the surface of the large antiwear pads and
regions between the pads had predominately shorter-
(with some intermixing) chain-length zinc polyphos-
phates.

e Locations where there were longer-chain polyphos-
phates also had some unreacted ZDDP.

e X-PEEM showed that the polyphosphate chemistry
of ZDDPdet film was uniform on the microscale
agreeing with that found from macroscale spectros-
copy; both showing shorter-chain calcium phosphate.

o The large, elongated antiwear pads of the ZDDP film
were found to have an indentation modulus of
~120 GPa at the center on the pad and ~90 GPa at
the edges.

e The large antiwear pads found on the ZDDPdet film
had an indentation modulus of ~90 GPa, statistically
different than that measured for the center of the pads
in ZDDP antiwear film.

The spatial chemistry has thus been evaluated on
the same length scale as the mechanical properties pro-
viding a chemomechanical map of the antiwear pads.
This sheds new insight into the structure and mechani-
cal response of ZDDP antiwear films. Future work
using alternate indentation techniques at elevated tem-
peratures, such as that employed by an environmental
controlled-IFM (EC-IFM), can help to explore condi-
tions that are more relevant to engine operation and
their effect on the mechanical response of the film.
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