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Abstract: Despite the ubiquitous use of the zinc dialkyldithiophosphate (ZDDP) as antiwear additive, no complete information is yet
available on its exact decomposition reactions and kinetics to form triboreactive protective films on contacting surfaces. This hinders the
replacement of ZDDP with more environmental friendly additives of similar antiwear capabilities. Using a multi-technique approach, this
study shows that before the formation of a phosphate-rich protective film, the decomposition of ZDDP proceeds by forming intermediate
zinc sulfide and sulfate species, which can be mechanically mixed with the iron oxides on the rubbing steel surfaces. The mixed sulfur-
oxide layer can play different vital roles including binding the subsequently formed phosphate layers with the metal surface. These layers
consist mainly of zinc thiophosphate of initially short chains, which are formed due to the excess concentration of metal oxide on the
surface. As the concentration of the oxide decreases in the subsequent layers, the short chains start to polymerize into longer ones. The
polymerization process follows first-order reaction kinetics with two distinctive phases. The first one is a fast transient burst phase near
the steel surface, whereas the second phase dominates the formation process of the layers away from the substrate and is characterized
by slow kinetics. The findings of this study provide new insights into the decomposition mechanisms of the currently most widely used

antiwear additive and open future opportunities to find green alternatives with similar superior antiwear properties.
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Introduction

Over the last 70 years, different theories were proposed to
explain the ZDDP decomposition reactions to form protec-
tive triboreactive films, called tribofilms, covering the con-
tacting surfaces. These works were discussed in different
reviews.!> However, despite being studied extensively, lit-
tle is known about the exact kinetics of the ZDDP decom-
position reactions. This is mainly because they are tribo-
induced, which can follow different complex pathways. In
addition, the commercial oils containing ZDDP may also
contain some impurities, other additives, detergents or dis-
persants that might alter these pathways and ultimately alter
the precursors and the final reaction products, i.e. the tri-
bofilm composition.*> In addition, the decomposition reac-
tions are often dictated by the true local conditions of tem-
perature, pressure and shear at the asperity contacts rather
than the calculated and imposed ones.® This complicates and
obscures the correlations between the operational conditions
and the decomposition kinetics of the ZDDP.

In spite of these hurdles, there is a solid consensus that
under rubbing and heating, the ZDDP decomposes to form
a protective tribofilm that consists mainly of Zn, P, S and
O. This was confirmed using various surface analysis tech-
niques including Scanning Electron Microscopy (SEM),”8
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X-ray Photoelectron Spectroscopy (XPS)%!? and X-ray Ab-
sorption Near Edge Spectroscopy (XANES).!""'? The major-
ity of these studies were performed ex-situ mainly on mature
tribofilms, i.e. after formed on rubbed surfaces for a long
time. Fewer other studies used in-situ techniques such as
XANES, 11314 XP§ 1516 Raman spectroscopy!”!® and At-
tenuated Total Reflectance (ATR)-FTIR.!*2° However, most
of these in-situ techniques suffer from various limitations
including the need for high vacuum environment, special
coated substrates or limited operating conditions of tem-
perature and load. There are other few studies'>?"?? that
have attempted to examine the decomposition process and
the change in the tribofilm composition primarily during the
running-in period. This period occurs in the beginning of
the tribological test at short rubbing times ranging from few
minutes to a couple of hours depending on the type of lubri-
cant and severity of the operating conditions. During this pe-
riod surface smearing and wear can occur due to the asperity
interactions, which can change the surface roughness, lubri-
cation regime and consequently friction. After the running
in period, friction typically reaches steady-state value. The
lack of extensive studies focusing on the early stage of the
reaction makes it difficult to gain insight into the exact reac-
tion pathways of the ZDDP decomposition and its associated
kinetics. For instance, it is still unclear why the short chain
phosphates are present in the bulk of the tribofilm near the
metal surface as opposed to the long ones near the tribofilm
surface. Fuller et al.?? related this to the reaction between the
long chain phosphate and water, which can depolymerize the
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long chains into shorter ones. Others?* related it to the abil-
ity of phosphate glass to dissolve sulfides. Furthermore, sev-
eral other studies?>'>>~?7 suggested that the cation exchange
reaction between Fe and Zn necessitates the depolymeriza-
tion of the long chains, which ends up forming a composite
Fe-Zn polyphosphate matrix of short chains. However, this
reaction requires temperatures as high as 1300 K,?® which
are not attainable during any normal tribological conditions.
Nonetheless, it was suggested that the local temperature, i.e.
the flash temperature, at the asperity-asperity contacts can
be much higher than the oil temperature when rubbing un-
der high contact pressures and hence the reaction can occur
even when the lubricant itself is at ambient temperature.?®
The evidence for the formation of the Fe-Zn polyphosphate
was drawn based on the observation that iron is present in the
tribofilm and its concentration increases towards the metal
surface.!?""? This observation was mainly based on sputter-
ing the tribofilm with an ion gun to acquire spectra at dif-
ferent depths, i.e. depth profiling. However, depth profiling
can induce preferential sputtering, i.e. better yield, of certain
components of the tribofilm more than the others, which can
be misleading.’® Therefore, the results from sputtering ex-
periments should be complemented with other methods such
as Focused Ion Beam (FIB) for cross sectional analysis of
the samples using Transmission Electron Microscope (TEM)
coupled with Energy-dispersive X-ray (EDX) spectroscopy.

In contrast to the studies based on sputtering, other
studies'>?? showed that iron is absent in the formed tribofilm.
In particular, Nicholls et al.'2 showed that even after 10 s of
rubbing the phosphate has most likely Zn?* cations rather
than Fe?*.

Another unclear matter is related to the exact pathways
of the ZDDP decomposition reactions and their associated
kinetics. Yin et al.>! proposed a mechanism for ZDDP
tribofilm growth starting with the strong chemisorption of
ZDDP to the oxide layer on the metal surface. This is fol-
lowed by the fast formation of long polyphosphate chains
and the slow formation of short phosphate chains. On the
other hand, Jones and Coy?! proposed that the decomposition
of ZDDP starts with the migration of the alkyl groups from
oxygen to sulfur atoms, i.e. by self-alkylation or transalky-
lation, followed by the formation of phosphoric acid as a re-
sult of thioalkyl (—SR) elimination. Finally, the phosphate
chains P-O—P are formed as a result of nucleophilic substi-
tution of one phosphorus species with another. To validate
the occurrence of these reactions, evidence based on surface
analysis techniques, e.g. XPS and EDX, was presented to
support the identification of the different species formed dur-
ing the ZDDP decomposition. Nevertheless, no information
has been provided on the rate of formation of these species
as a function of time under constant temperature and contact
pressure. Therefore, this study aims at examining the de-
composition process of ZDDP over different rubbing times
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especially during the early stages of the reaction. This should
give more insight into not only the reaction kinetics but also
the composition of the formed triboreactive film.

Experimental
Lubricants

The lubricant used in this study was obtained from Afton
Chemical, UK, which consists of a poly-a-olefin (PAO)
synthetic oil containing secondary ZDDP antiwear additive
(0.08% P) and a trace of ester to aid in solubility. The oil has
a density of 830 kg.cm™ and a viscosity of 45 ¢St at 30 °C
and 4 cSt. at 100 °C.

Tribological tests

The countersurfaces used to perform the tribological tests
consist of a ball and disc made of AISI 52100 bearing steel.
The ball, D = 19 mm, and disc, D = 46 mm, are polished
and both have a nominal root mean square (RMS) roughness
of better than 13 nm (Fig. S2). All the tribological tests were
performed at a constant temperature of 80 °C. The Mini-
Traction Machine (MTM) rig shown in Fig. 1, was used to
perform the tribological tests under rolling and sliding con-
ditions due to its capability to rotate the ball and disc inde-
pendently. The level of slide-to-roll ratio (SRR) was fixed at
5%, which is defined as the ratio of the speed difference be-
tween the two contacting surfaces to their average speed, i.e.
the entrainment speed. This corresponds to mainly rolling
conditions with a minuscule amount of sliding. The decom-
position reaction and tribofilm formation cannot occur under
pure rolling conditions but adding a small sliding percentage
can induce such a reaction but at a slow rate. This provides a
means to capture the early stage of the reaction and the for-
mation of any intermediate species before the tribofilm for-
mation. The average tribofilm thickness after different rub-
bing times, i.e. after 2.5 and 5 minutes and subsequently
after every 10 minutes, was measured using the spacer-layer
imaging method (SLIM) in the MTM rig.

The tribological tests using the MTM were carried out at
an entrainment speed of 35 mm/s and a normal load of 60
N, which corresponds to a contact pressure of 1.2 GPa. The
lubrication regime under these conditions was estimated us-
ing the Hershey number, which was found close to zero in-
dicating boundary lubrication. The lubrication regime was
also estimated by calculating the A ratio, which represents the
ratio of the minimum film thickness to the composite RMS
surface roughness of the two contacting surfaces. This ratio
was estimated to be 0.06, which suggests that the lubrication
regime is boundary. However, this is only valid in the be-
ginning of the tribological test because surface smearing and
wear can occur during the running-in period due to the asper-
ity interactions, which can change the surface roughness and
hence the lubrication regime. Nevertheless, it was estimated
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Fig. 1. Schematic of the mini-traction machine (MTM) used
to perform all the tribological tests. It consists of a ball and
disc, which can be rotated independently to achieve different
slide-to-roll ratios.

0.1
—O0—0 min
—o—1 min
0.08 | 5 min

— —%— 15 min

~ —>—30 min

% —<+—60 min

‘5 0.06 7 120 min

=

©

I}

o

§0.04 1

8

i

0.02
Boundary lubrication
hyp = 1.1 nm, A = 0.06
O T T 1
35 100 1000 2000

Rolling speed (mm/s)
Fig. 2. Stribeck curves of the PAO-ZDDP oil after different
rubbing times. The vertical dashed line indicates the speed of
35 mmy/s at which all the tribological tests were performed.

that even if the surface roughness of the disc and ball drops
from 13 nm to 3 nm, A is still much below 1, i.e. 0.27, and
hence the lubrication regime is still boundary. To validate
this estimation, different Stribeck curves were obtained after
different rubbing times as shown in Fig. 2. It is evident that
for the chosen speed of 35 mm/s the lubrication regime re-
mains boundary during the whole period of the tribological
test, i.e. 120 minutes.

Surface analysis

XPS. The XPS analysis was performed using a PHI
(Model 5000) Versa Probe spectrometer (ULVAC-PHI,
Chanhassen, MN, USA). The X-ray source used to collect all
the spectra is a monochromatic Al Ka (23.7 W, 1486.6 eV),
which has a beam diameter of 100 um. For Al K radiation,
the sampling depth from which 95% of all photoelectrons
are scattered without inelastic events is 3-10 nm. The source
analyzer angle at which the photoelectrons were collected
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was fixed at 45°. Using these configurations, the XPS mea-
surements can be safely assumed to represent a good average
of the relatively large probed volume without the complica-
tion of assuming a heterogeneous layered system. This is
especially true considering that within the probed depth of
the tribofilm, the composition changes gradually rather than
abruptly. A survey scan and high resolution scans of six re-
gions of interest, i.e. Cls, Ols, Fe2p, P2p, Zn2p and S2p,
were acquired simultaneously for all the samples at four lo-
cations, i.e. three inside and one outside the wear scar. Zn3s
signal was acquired within the same region of P2p. The sur-
vey scans were carried out in a fixed analyzer transmission
(FAT) mode using a pass energy of 187.85 eV and an energy
step size of 0.5 eV. The high resolution spectra were also
acquired in FAT mode but using a pass energy of 46.95 eV
and an energy step size of 0.05 eV. During the different sig-
nal acquisitions, the pressure of the main ultra-high vacuum
chamber was below 1.0 x 1077 Pa.

The analysis of the spectra was performed using CasaXPS
software (v2.3.17). The background baseline of all the sig-
nals was subtracted using a standard Shirley background line
type. As Fe2p, P2p, S2p and Zn2p have a spin-orbit split-
ting, which means that the total signal is formed of a doublet
of 2p 3/2 and 2p 1/2, only the prominent signal of 2p 3/2 was
reported in this study.

The deconvolution of the different components within all
the signals was performed by fitting them with peaks having
Gaussian/Lorentzian product formula line shape. The differ-
ent parameters and constraints used for fitting the spectra and
the assignments to these peaks were obtained based on the
available literature of standard samples of similar composi-
tion to ZDDP tribofilm.%?83233 Although the fitting parame-
ters especially the FWHM might change from one instrument
to another, applying the same set of parameters to the whole
dataset can still be used to analyze the rates of change but
not the exact absolute values. The standard deviation of the
positions of the XPS peaks was reported based on the mean
across three repetitions. To compensate any charging dur-
ing the data acquisition, the difference between the measured
binding energy of the aliphatic component (C—C, C-H) of
Cls signal and its expected value at 285.0 eV was used to
shift the binding energy of the other signals. Furthermore,
an additional calibration was performed, using the method
proposed by Smith,3* to account for the effect of the adventi-
tious hydrocarbon contamination layer on the surface of the
samples on the intensity of the signals of interest. The full
analysis in provided in Fig. S1 and Tables S1 to S6.

FIB. A thin section across the wear scar (Fig. S3) was
prepared using a precise high resolution FIB microscope
(FEI Nova 200 NanoLab) equipped with a Field Emission
Gun - SEM (FEG-SEM). The tilt of the sample was precisely
controlled using an automated positioning stage fitted inside
the FIB microscope. In order to minimise the tribofilm dam-
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age, initially a Pt-based protection layer of a thickness about
70 nm was sputtered and deposited on the tribofilm using
electron-beam induced deposition (EBID) using metal car-
bonyls of Me(CO)x as a precursor. The low energy electron
impact typically does not result in any significant damage
to the substrate, as indicated in the clean interface between
the tribofilm and the EBID layer. However, it causes carbon
contamination from the carbon-based precursor throughout
the deposited layers. A second thick Pt layer of about 500
nm, which is sputtered using ion beam- induced deposition
(IBID) through a 30 keV Ga* focused ion beam, was de-
posited on the initial layer. The high energy Ga* ions caused
damage to the initially deposited sacrificial protection layer
of Pt/C, which was manifested in the appearance of a third
layer between the first base layer of Pt/C and the second top
layer of Pt/Ga/C.

TEM/EDX. The prepared thin section was imaged us-
ing a 200 kV TEM (FEI Tecnai TF20), which is fitted with a
high angle annular dark field (HAADF) detector. The com-
position across the prepared section was examined by ac-
quiring EDX spectra at different points across the sample
using Oxford Instruments INCA 350 EDX system with X-
Max SDD detector fitted to the TEM. The EDX analysis in-
cluding the quantification of the maps and spectra peaks was
performed using AZtec software v2.1 (Oxford instruments,
UK) for O, P, S, Zn, Fe and C elements while neglecting
H, which cannot be detected by TEM-EDX. The TEM-EDX
measurements were performed once and thus the analysis is
only used to qualitatively follow the concentration evolution
of the elements of interest but not to quantitatively measure
absolute values.

Results
Tribological tests

The evolution of the friction coefficient and tribofilm
thickness over 120 minutes of rubbing time is shown in
Fig. 3. The friction coefficient evolves through three differ-
ent stages. The first one, which occurs within the running-in
period during the first 20 minutes, is characterized by a sharp
increase in the friction coefficient from 0.058 to 0.09. On the
other hand, the second stage, which occurs between 10 and
40 minutes, is characterized by a progressive decrease in the
friction coefficient from 0.09 down to 0.075. Finally, in the
last stage, the friction coefficient stays at a steady state value
of about 0.076.

The overall behavior of the tribofilm thickness, which is
shown on the same Fig. 3, resembles a similar trend to the
one of the friction coefficient in terms of two general fea-
tures. First, during the early stages of the tribological test in
which friction increases, the tribofilm thickness is initially
stagnant then grows. Second, after the running-in period
as the friction coeflicient reaches steady state, the tribofilm
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Fig. 3. Evolution of the friction coefficient and tribofilm
thickness over different rubbing times. It consists of three
stages: (I) rubbing-in, (II) tribofilm formation and (III)
steady state.

thickness in general decreases and increases until reaching
an average terminal value of about 70 nm after 120 minutes
of rubbing. However, some differences were observed be-
tween the evolution of the friction coefficient and tribofilm
thickness. For instance, during the early stage during which
the friction coefficient grows steadily, the tribofilm thickness
was initially stagnant, which then started to increase with a
rate of 2.3 nm/min before decreasing to its peak value around
65 nm after 40 minutes. These different kinetics that govern
the evolution of friction and tribofilm growth indicate that the
changes in the friction coefficient are not only a function of
the tribofilm thickness but possibly the composition as well,
e.g. the length of the phosphate chains composing the main
bulk of the tribofilm.

Wear is not reported in this work as it was insignificant in
all the tribological tests. This indicates that even after 120
minutes of rubbing, the tribofilm was largely durable to the
extent that it provided a full protection to the steel surface
underneath.

Surface analysis

TEM/EDX cross-section analysis. To examine the
changes in the composition of the ZDDP tribofilm over its
depth, a postmortem cross section was prepared using FIB
and analyzed using TEM/EDX. Fig. 4a shows a section
across the tribofilm formed in the last stage of the tribotest
after 120 min of rubbing. The tribofilm was found to have
an average thickness of 75 + 5 nm, which matches the one
measured by MTM-SLIM and reported in Fig. 3. Further-
more, the tribofilm shows two distinctive features. The first
one consists of small dark regions across the tribofilm (about
20 % of the tribofilm as shown in Fig. S4), which are mainly
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Fig. 4. TEM-EDX analysis, which includes (a) cross-section of the wear scar after 120 min of rubbing. EDX analysis is also
shown for the atomic concentrations of the main tribofilm components, i.e. O, S, P and Zn. (b) EDX spectra of the three
main regions, i.e. the steel surface and the bottom base and bulk layers of the tribofilm. (c)-(f) EDX maps of O, S, P and Zn,

respectively, across the tribofilm shown in (a).

rich in carbon (Fig. S5). These dark regions were observed
in multiple samples, which indicate that they represent a gen-
uine part of the tribofilm. These regions can also be ob-
served in previous publications by Ito and co-workers®>3
where they used different contrast such that the dark regions
in our case appear white in their TEM images. The origin of
these regions can be speculated to be due a hastened forma-
tion phase during the decomposition of the ZDDP molecules
and formation of the tribofilm.

The remaining majority of the tribofilm extends between
the steel surface and the tribofilm’s top layer. A compari-
son between the EDX spectra of the steel surface and the tri-
bofilm’s base and bulk layers is shown in Fig. 4b. The results
indicate that the tribofilm consists mainly of P, O, S, Zn and
Fe. The tribofilm also contains a small concentration of C
(Fig. S6) and possibly H, which cannot be detected by TEM-
EDX. From the base to the bulk layers of the tribofilm, the
concentration of Fe decreases sharply (Table S7). This can
possibly be due to two reasons. Firstly, as the thickness of
the base layer is small, i.e. < 10 nm, a small misalignment of
the cross-section can cause the EDX to pick a signal from the
steel surface. Secondly, wear and mechanical mixing occur-
ring near the steel surface can cause iron particles and cations
to be digested in the tribofilm’s layers. This is evident from
the large concentration of oxide, sulfur and other elements in
the base layer, as shown in the EDX maps in Fig. 4c-f.

The changes in the atomic concentrations of the main el-
ements forming the tribofilm were calculated from several

EDX spectra across the tribofilm and shown in the inset of
Fig. 4a. The results show that the atomic concentrations
of P, S and Zn in the layers starting from the base to the
outer layer monotonically increase until reaching steady state
value. In contrast, the concentration of oxygen monotoni-
cally decreases until reaching steady state. Another distinc-
tive feature in the EDX results is the evolution of P and Zn.
The results indicate that in the layers near the steel surface
the concentration of P is slightly higher than the one of Zn.
This trend reverses toward the surface of the tribofilm with
the progressive increase in the concentration of Zn and nearly
constant concentration of P.

XPS peaks identification. The different high resolution
signals acquired from the different regions of interest, i.e.
Ols, Cls, S2p, Fe2p, P2p, and Zn3s, on as-prepared discs
(Fig. S7) and inside (Fig. 5) the wear scar were fitted with
different peaks in order to identify the different components
contributing to the total signal. The summary of this analysis
is presented in Table 1.

The Ols signal was fitted with three peaks as shown in
Fig. 5a,b, which were ascribed to the three main species
of oxygen that the tribofilm is expected to have. The first
one is the bridging oxygen (BO) identified at 533.1 + 0.2
eV,%3337 which represents the oxygen bridging the phospho-
rus atoms in the phosphate chains (P-O—P). The second one
is the non-bridging oxygen (NBO) identified at 531.8 + 0.2
eV.%37-3 which represents mainly the oxygen within a termi-
nating phosphate group (—POy) such as —P=0, P-O—Zn and
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Table 1

XPS component analysis of the binding energies and ratios of
the different elements forming the ZDDP tribofilms after dif-
ferent rubbing times from 2.5 to 120 minutes. The green line
in all the figures represents a standard Shirley background

line type.

Time (min) ‘ 2.5 5 10 20 30 60 120
Component ‘ Binding energy (+0.05 eV)
Ols: BO (eV) | 533.05 532.25 533.09 53276 533.06 533.13 533.15
Ols: NBO (eV) | 532.79 531.92 531.82 53121 531.73 531.70 531.72
Ols: MO (eV) | 530.25 530.60 530.65 530.73 - - -
Zn3s (eV) - 14036 140.47 14042 14042 14040 140.31
P2p 3/2 (eV) 133.55 133.57 133.64 133.64 133.53 133.64 133.66
S2p 3/2 (eV) 162.13 16222 16233 162.27 16223 162.37 162.31
Ratio
BO/NBO 0.22 0.25 0.28 0.32 0.26 0.34 0.38
P/O 0.20 0.35 0.42 0.51 0.48 0.53 0.45
P/Zn 1.06 0.99 0.96 1.06 1.26 1.25 1.35
S/Zn 0.56 0.69 0.58 0.72 0.80 0.93 1.21

P—O-Fe(IIT)* as well as other species such as iron carbon-
ate, oxy-hydroxide and sulfates. The contribution from these
species in the first 20 minutes when the reaction layer is thin
(Fig. 3) can be important, though might be alleviated at the
high temperature tests due to evaporation, but it will only
affect the BO/NBO ratio and O1s (BO+NBO) concentration.
The third contribution to Ols signal is the metal oxide, e.g.
FeO and Fe,O;, which was detected at 530.6 +0.2 eV*’ only
during the running-in period, i.e. < 20 minutes.

The P2p 3/2 peak is shown in Fig. 5c,d. Initially, it ap-
peared at 133.55 = 0.1 eV, which can be assigned to zinc
thiophosphate*! or possibly Fe(PO4).29 With the progression
of rubbing, i.e. after 120 minutes, the binding energy shifted
to 133.66 + 0.1 eV, which indicates that the phosphate poly-
merizes to form long phosphate chains.*?

Zn3s is also shown in Fig. 5c,d. It appeared at 140.4 + 0.1
eV and did not exhibit any change between 2.5 minutes and
120 minutes of rubbing to within the energy resolution of the
XPS measurements. This is in agreement with other stud-
ies, which found that the Zn3s signal does not change with
composition but fixed at 141.0+0.1 eV* or 140.0+0.2 eV.>’
Similarly, the binding energy of Zn2p (Fig. S8) appeared at a
fixed position at 1021.5+0.1 eV. The species at these binding
energies can be equally assigned to ZnS, Zn(SO,) and ZnO*
or zinc phosphate.”®

The S2p (II) 3/2 peak appeared at 162.2 + 0.1 eV, as
shown in Fig. 5e,f. This low binding energy can be assigned
to sulfide’>*! or equally to thiophosphate or organosulfur.??
The uncertainty in the assignment is related to the inability
of the XPS to resolve the metal sulfide from thiophosphate
or similar thiols. No sulfate signal was detected after the
different rubbing times except at the beginning of the test,
i.e. after 2.5 minutes, which appeared at 168.6 + 0.2 eV. This
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sulfate can be assigned to FeSO, or 136:2(504)3,43 which cor-
responds to about 15% of the total amount of sulfur whereas
the sulfide represents the remaining amount. The formation
of sulfate species during the early stage of rubbing can be
driven primarily by the local available temperature, i.e. the
flash temperature at the asperities.”! Below the critical tem-
perature for this reaction to occur, the ZnS is expected to
form instead.

The Fe2p 3/2 signal (Fig. S8) was detected only during the
running-in period, i.e. rubbing times less than 30 minutes,
which suggests that a mixture of FeO and Fe,O; is present
on the steel surface. Three main peaks were identified. The
first one, which appeared at 709.0+0.2 eV, can be assigned to
Fe(II) oxide***! and possibly FeS.* The second peak posi-
tion was identified at 710.5+0.2 eV, which can be assigned to
Fe(III) oxides or FeSO4.41’45 The third peak was identified at
707.1 £0.1 eV during the first 2.5 minutes of rubbing, which
can be assigned to metallic iron,*>* or FeS,.** Additional
two peaks appeared at high binding energies of 714.0 + 0.2
eV and 718.8 + 0.2 eV, which were assigned to Fe(II) and
Fe(Ill) satellites,*® respectively. A good correlation exists
between the areas of the iron oxides in Fe2p 3/2 and the one
of the metal oxides (MO) in Ols (Tables S2-S4). The ra-
tio between Fe(Il):Fe(IlI):O(MO) was close to 1:2:4, which
indicates that the oxides exists as Fe,O;.

The Cls signal was mainly fitted with a single peak at
285.0 eV as shown in Fig. 5g,h, which was ascribed to
aliphatic carbon (C-C, C-H). However, near the steel surface,
i.e. after rubbing times < 10 minutes, two more peaks were
identified at 286.5+0.2 and 288.6+0.2 eV. These peaks were
assigned to hydroxyl (COH) and carboxyl (COOH) groups,
respectively.*’

Evolution of decomposition species. The atomic con-
centrations of the different elements composing the ZDDP
tribofilm after various rubbing times measured by XPS are
shown in Fig. 6 along with the ones obtained by the TEM-
EDX analysis. The rubbing time for the points based on the
EDX was obtained by matching the thickness at which the
EDX point was measured with the one measured by MTM-
SLIM after a certain rubbing time, which was reported in
Fig. 3. A good agreement between the the two methods was
found for the evolution trends of the measured concentra-
tions but their absolute values. The two methods indicate
that during the running-in period, i.e. < 20 minutes, the con-
centrations of Zn, P and S increased substantially whereas
the concentration of O decreased abruptly. However, after
the running-in period, these concentrations start to approach
an equilibrium state with no further change.

Based on the XPS analysis, the evolution over rubbing
time of the BO/NBO, P/O and P/Zn ratios is shown in Fig. 7
and summarized in Table 1 along with S/Zn. These ratios are
important for two reasons. First, the P/O and BO/NBO ra-
tios can be used as indications of the polymerisation number
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Fig. 5. Peak fitting analysis of the different components composing the XPS signals of (a,b) Ols, (c,d) P2p and Zn3s, (e,f)
S2p and (g,h) Cls. The lower row is after 2.5 minutes of rubbing whereas the upper one is after 120 minutes.
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Fig. 6. Evolution of the atomic concentrations of the el-
ements found in the ZDDP tribofilms after different rubbing
times. Solid symbols are based on the XPS analysis and open
symbols are based on the EDX analysis. Solid lines are the
fits of the model described in Eq. (9).

of the zinc thiophosphate chains composing the main bulk
of the ZDDP tribofilm. Thus, comparing these ratios would
help follow the growth of the phosphate chains. The S/P and
S/Zn ratios are not important if the tribofilm is viewed as
consisting of zinc sulfide dissolved in a zinc phosphate ma-
trix. However, they are important in case of viewing the tri-
bofilm as consisting of zinc thiophosphate matrix. The XPS
results indicate that for the immature tribofilms formed at
the beginning of the tribotest, i.e. < 5 minutes of rubbing,
the BO/NBO, P/O, P/Zn and S/Zn ratios were low, i.e. 0.22,
0.20, 1.06 and 0.56, respectively. This suggests the initial
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Fig. 7. Evolution of the BO/NBO, P/O and P/Zn ratios based
on the XPS analysis of the ZDDP tribofilms after different
rubbing times. Solid lines are the fits of the model described
in Eq. (9).

formation of short chain zinc thiophosphate, Zn,;(PSO;),, as
identified in the XPS stoichiometric analysis presented in Ta-
bles S5 and S6. The formation of short chain thiophosphate
was also reported before by Heuberger et al.*!

In the more mature tribofilms formed between 5 and 120
minutes of rubbing, the XPS analysis revealed a general in-
crease in the ratios of BO/NBO, P/O, P/Zn and S/Zn over
rubbing time, e.g. the P/O and S/Zn ratios were doubled
whereas the P/Zn ratio increased by about 30%. The stoi-
chiometric analysis of these ratios indicates that the initially
formed short chains of zinc thiophosphate, Zn,(PSO,),, are
polymerized into longer chains, Zn,P,S,0s.
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Discussion
Tribofilm formation and friction

The initial transient changes in the friction coefficient
shown in Fig. 3 can be related to different effects. First,
surface smearing and wear can occur during the running-in
period due to the asperity interactions, which can change the
surface roughness. However, in this study wear was insignif-
icant as the tests were performed using smooth countersur-
faces under nearly rolling conditions. Second, changes in
the effective surface roughness can occur due to the patch-
iness of the growing ZDDP tribofilm on the rubbing sur-
faces. Nonetheless, the results of Taylor and co-workers*$49
showed that even smooth ZDDP tribofilms can increase the
friction coefficient. This suggested that whether the ZDDP
tribofilm is rough or smooth, it may inhibit the entrainment
of the lubricating film between the rubbing contacts leading
to higher friction. Furthermore, Taylor and Spikes*® sug-
gested that this apparent increase in friction could actually
mean that the tribofilm is capable of maintaining the bound-
ary lubrication condition for longer time than in the case of
bare contacts without a tribofilm. These results indicate that
the transient changes in the tribofilm thickness and friction
coefficient shown in Fig. 3 can be intercorrelated. However,
although the tribofilm thickness resembles a similar trend
as the one of the friction, the timing is not exactly aligned,
which is in line with the results of Taylor and Spikes.*® This
indicates that the relation between the friction coefficient and
tribofilm thickness is not a simple function, e.g. thicker tri-
bofilm does not imply higher friction coefficient. To resolve
this issue, the changes in the tribofilm morphology should
be examined more closely along with its thickness. For in-
stance, during the first 20 minutes of rubbing there is only a
slight change in the thickness of the ZDDP tribofilm, how-
ever, this period encompasses the main changes in the fric-
tion coefficient as well as the main changes in the concen-
trations of the decomposition components deposited on the
contacting surfaces (Fig. 6). The XPS results indicate that the
increased ratios of P/O, P/Zn and BO/NBO during the early
stages of the tribological test are related to the increase in the
average length of the phosphate chains composing the main
bulk of the tribofilm. This suggests that the phosphate chains
covering the contacting surfaces can interact with each other
depending on the chain length®® and number of chain ends
that are capable of interpenetrating across the tribofilms cov-
ering the contacting surfaces.’! Thus, the increased friction
of the antiwear tribofilms over time can also be explained
based on the observations of Mazuyer et al.”° that after a cer-
tain threshold of contact time the layers covering the rubbing
surfaces can interact and hence the mechanical properties,
e.g. shear elastic modulus and interfacial shear strength, be-
come a function of the contact time. In the case of the ZDDP
tribofilm, this means that the longer the rubbing time lasts,
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the more the phosphate chains are formed and the stronger
the interactions become. This can explain the observed ap-
parent increase in the friction coefficient with the tribofilm
thickness. In addition, there are a couple of other possibil-
ities for the increased friction force: i) increasing the local
adhesion, ii) decreasing the reduced elastic modulus, iii) in-
creasing the contact area whether due to reducing the local
elastic modulus or asperity adhesion, and iv) increasing the
chain length covering the contacting surfaces can increase
the local viscosity of the lubricant film and tribofilm in the
contact zone. This is supported by the results of Bec et al.,>
which suggested that the contact pressure can compact the
loose layers of the ZDDP tribofilm and transfer them into a
solid polyphosphate.

The drop in the friction coefficient after 20 minutes
and its steadiness after 60 minutes of rubbing can be
possibly related to the local arrangements of the long
phosphate chains, which after reaching a certain thresh-
old of length can form an ordered structure in the di-
rection of shear. This behavior is similar to the one
of adsorbed layers of hydrocarbon molecules of cis 1-
4 poly- isoprene in 2,4, dicyclohexyl-2-methylpentane’?
and of self-assembled monolayers such as alkanethiols and
alkylsilanes,*>> alkylsilane®® and alkoxyl.”’ It is worth not-
ing that these structures are different from the one of the
phosphate chains but the alignment of the chains in the di-
rection of shear to reduce the interfacial shear stresses and
thus friction can be similar.

Tribofilm composition

Induction period and base layer composition . The
initial changes in the adsorbed ZDDP as revealed by XPS
(Fig. 5) and XAS''S® surface analyses and MTM-SLIM
(Fig. 3), which show that sulfur species are formed first with-
out much growth in the tribofilm thickness followed by the
formation of zinc thiophosphate species, suggest the pres-
ence of an initial induction period. This period can have great
implications. It has been long suggested that the ZDDP de-
composition reaction is multistage, which involves initially
the elimination of the soft acid alkyl groups or their migration
from the hard base oxygen atoms to the soft base sulfur atoms
of thiophosphoryl.>® This reaction was also proposed to be
followed by the formation of intermediate species before the
formation of a phosphorus-rich film on the metal surface.'!
Our results clearly support this hypothesis. The formation
of zinc sulfide and sulfate species before the formation of
the zinc thiophosphate-rich film indicates that these sulfur-
based species are the main products of the intermediate reac-
tions. These reactions involve primarily the sulfur atoms in
the adsorbed ZDDP molecules on the metal surface. This is
in agreement with different previous studies proposing that
Fe/Zn sulfides?>?%333% and Fe/Zn sulfates* can be present at
the metal surface. The formation of these species can be a
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result of the reaction of the adsorbed ZDDP with iron oxides
or the hydroxyl (C-OH) and carboxyl (COOH) groups on the
steel surface,?! which were identified in the XPS Cls signal
(Fig. 5) and confirmed by other researchers.®

The XPS (Fig. 5) and previously reported XAS!! re-
sults indicate that initially sulfate and sulfides, linked to iron
or zinc, are formed followed by the reduction of sulfate to
sulfide. The XAS measurements of Dorgham et al.''3 were
performed in-situ under helium atmosphere so the detected
sulfate cannot be a result of any exposure to air or humidity.
In addition, the observed reduction reaction cannot be a result
of a growth of tribolayers covering the sulfate layers under-
neath as before 10 minutes of rubbing, the tribofilm thickness
as measured by SLIM (Fig. 3) is barely growing, i.e. still
< 5 nm, whereas this initial period encountered the major
changes in the tribofilm composition. It should be noted that
as all the Fe2p area is correlated with the area of metal oxides
peak in the O1s signal, this suggests that no other iron species
such as iron sulfide, sulfate or phosphate are formed. This
indicates that the sulfur species are linked to zinc not iron.
However, as iron fingerprint appeared in all XPS (Fig. 5) and
TEM-EDX (Fig. 4) spectra of the layer near the steel surface
but only in some of the XAS spectra, this suggests that the
formed iron-based species most likely form patches rather
than a continuous layer.

The formation of sulfide or sulfate species in the above
reactions is predetermined by the competition between the
oxidation and sulfidation processes.®! In the beginning of the
tribotest, oxidation dominates due to the abundance of oxy-
gen in the oil and the easy access to the unprotected oxidized
steel surface. This leads to the formation of sulfate species.
However, as heating and rubbing continue, sulfidation domi-
nates and forms sulfides only. The formation of sulfides and
the reduction of sulfates to sulfides continue until a patchy
oxide-sulfide mixed base layer is formed, which is in line
with our XAS, TEM-EDX and XPS results discussed before.
The formation of this layer was also reported by several pre-
vious studies.?76263

The formed patchy base layer of isolated clusters of
mainly sulfides on the metal surface, as schematically de-
picted in Fig. 8, can play different vital roles in the decom-
position of ZDDP and its adsorption to the surface. Firstly,
owing to their higher hardness than the metal oxides,®? they
can form a barrier to protect the steel surface from adhesive
wear. Secondly, the clusters can act as a bridge or a binder
between the subsequent decomposition products, e.g. zinc
thiophosphate, and the metal surface. Thirdly, the sulphur
clusters can diffuse into the steel surface and thus initiating
subsurface cracks. This mechanism can explain the increased
rate of surface micropitting in rolling contacts lubricated with
oils containing sulfur-based additives like ZDDP.®° Evidence
for this mechanism can be found based on the observations
of Jahanmir®? that no sulfur is present in the center of the pits
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Fig. 8. Schematic of the formation of FeS clusters on the
metal surface and the diffusion of S into steel, which induces
stress corrosion cracking.

whereas Martin?’ found that sulfur is present in the wear par-
ticles. This indicates that delamination removed the center of
the pit where sulfur is concentrated. The high concentration
of sulfur in the center indicates that sulfur is concentrated
in the tip of the subsurface crack where fatigue starts. This
suggests that delamination can also be assisted by a possible
diffusion of sulfur into the iron grain boundaries and thus
promoting fatigue.

Bulk layers composition. The XPS results (Fig. 5) in-
dicate that iron is absent from the formed zinc thiophosphate
layers above the base layer, which agree with different pre-
vious studies.'>?? The only cation observed was Zn, which
was assigned to zinc thiophosphate, throughout the bulk lay-
ers. The absence of FeS away from near the metal surface
is in agreement with the results of Zhang et al..?> The au-
thors observed the formation of both FeS and ZnS only in
the beginning of the tribotest, i.e. after 10 s of rubbing, and
ZnS only after longer rubbing times. They related this be-
havior to the more favorable reaction to form ZnS. This was
also explained by Martin?’ on the basis of the hard and soft
acids and bases (HSAB) principle and suggested that FeS
can be formed only under severe conditions. On the other
hand, our TEM-EDX results (Fig. 4) indicate the presence
of a minuscule amount of iron in the bulk layers, which is
much smaller in concentration than the one found in the base
layer near the steel surface. The presence of iron along with
zinc in the bulk layers can indicate the presence of mixed
Fe-Zn tiophosphate. This is in agreement with some previ-
ous studies,?"?833 which proposed that a mixed Fe-Zn phos-
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phate can form in the bulk. Nonetheless, Yin et al.2! and
later on Crobu et al.?® have already indicated that the forma-
tion of these mixed phosphates of different cations requires
much higher temperatures, i.e. above 1300 K, than the one
of the oil, i.e. <400 K, encountered during typical tribotests.
Nonetheless, they suggested that the local flash temperature
at the contacting sheared asperities can be higher and thus
favors such a reaction. The maximum contact temperature
T, can be given using the following formula:

TC = Tb + Tf ( 1)
where T} is the bulk temperature of the oil and T is the
maximum flash temperature, which for circular contact with

Peclet number of about 0.2 can be given as:%*

T, = 0.222‘% (pw)" @
where p is the friction coefficient, U is the speed of the mov-
ing body in m/s, K is the thermal diffusivity in W/mK, p, is
the yield stress of the moving body in Pa, and W is the nor-
mal load in N. T can also be estimated using the simplified
empirical model of Rabinowicz,% as follows:

Ty = 100U(1 + 3) 3)
Under the operating conditions of our tests where the slid-
ing and rolling speeds are small, the two previous models
are expected to give similar results.®® It was found that the
flash temperature using Eq. (2) is about 4.5 °C, whereas
using Eq. (3) is about 3.5 + 10 °C. Using the upper esti-
mated value of Ty = 13.5 °C, the contact temperature will
be less than 93.5 °C. This suggests that it is likely that no
mixed Fe-Zn phosphate can be formed at this low tempera-
ture. Nevertheless, it is worth mentioning that the nascent
surface due to wear might promote such a reaction. This can
be demonstrated based on the observation that the reaction
of the nascent surface with sulfur is 1000 times faster than in
the case of surface covered with oxide.®® Furthermore, even
if no mixed Fe-Zn phosphate are formed, the small Fe con-
centration detected by EDX but not XPS could mean than a
small concentration of localized wear fragments is digested
within the bulk layers. The digestion of such sharp wear par-
ticles is one of the known antiwear mechanisms of ZDDP
to reduce abrasive wear.>”-%7 This is further supported by the
TEM-EDX results of Ito et al.,> which similar to our results
show that iron is mainly present near the metal surface and
its concentration declines sharply just above the base layer
where the main bulk of the tribofilm consisting of zinc phos-
phate glass exists.

The XPS results indicate that initially short chains of
zinc thiophosphate are formed followed by longer chains,
which is evident from the evolution of BO/NBO, P/O and
P/Zn ratios (Table 1 and Fig. 7). After a few minutes of
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rubbing, the average ratio of Zn:P:S:O was approximately
3:2:2:7, which suggests the formation of short chain phos-
phate of Zn,(PSO,),. Subsequently, after long rubbing time,
i.e. > 20 min, the average ratio of Zn:P:S:0O reached 2:2:2:5,
which suggests the formation of medium chain phosphate of
Zn,(PSO,),0. The polymerisation can originate from the
nucleophilic reaction of one hard acid tetravalent phosphorus
O-P in one short phosphate segment with a hard base oxygen
bonded to another phosphate segment O—P, as follows:

0 9 0
S-P-0 + _p_ — -s{}ffo - @
Zn** 7S S Zn* °S

The formation of short chains in the base layer near the
metal surface as compared to the long chains in the bulk is
in agreement with several previous studies.®®*"° The trend
can be related to the excess of metal oxides such as ZnO,
FeO or Fe,0;, near the metal surface as compared to the
bulk layers, which was verified experimentally using XPS
(Figs. 5 and 6) and TEM-EDX (Fig. 4). Increasing the oxide
content hastens the fragmentation of any formed long phos-
phate chains, i.e. P—O-P, into shorter chains of P-O~ and
P=0. Subsequently, the oxide can compensate the negatively
charged fragments by forming weak electrostatic interactions
with their terminals,’! such as:

P-O-P + ZnO — P-O"-..Zn**... O-P (5)

Other studies*' attributed the reduced chain length near
the metal surface to the shear stress between the contact-
ing surfaces possibly cleaving the long phosphate chains into
shorter ones and to severe surface wear that can remove the
long phosphate chains from the surface. However, as our
experiments were performed under nearly rolling conditions,
i.e. 5% SRR, during which wear was insignificant, this in-
dicates that other factors than the shear stress could play
a role. Apart from ZnO, various studies>»?’? suggested
that in the presence of iron oxide or water any formed long
phosphate chains are depolymerized into short ones of Fe-
Zn phosphates. This can explain the short phosphate chains
and large concentration of iron detected in the base layer near
the metal surface compared to the long phosphate chains and
small iron concentration in the bulk layer.

Kinetics of ZDDP decomposition reaction

The tribofilm’s main components, i.e. P, Zn, S and O,
undergo two distinctive reaction phases over rubbing time,
as indicated in the evolution of their atomic concentrations
shown in Fig. 6. The first phase, which occurs during the
running-in period, is characterized by a fast transient burst
stage in which the atomic concentrations of the elements
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forming the tribofilm grow exponentially despite the small
increase in the tribofilm thickness. On the other hand, the
second phase, which occurs at rubbing times > 20 minutes,
is characterized by an intangible growth in the atomic con-
centrations that appear as asymptotically approaching steady
state despite the fast growth in the tribofilm thickness over
the same period. These two different phases indicate that
the formation rate of the different species composing the tri-
bofilm is not uniform throughout the tribological test. This
observation is in agreement with the tribofilm thickness re-
sults discussed in Fig. 3 and the results of Gosvami et al.,b
which suggested that during the early stage of rubbing, the
tribofilm growth of ZDDP is slow and follows a linear trend
but as rubbing continues the growth starts to exhibit a much
faster logarithmic trend. Similar trend can also be seen in the
results of Zhang and Spikes’? for the ZDDP thermal film.
Gosvami et al.® suggested that the ZDDP additive decom-
poses initially with a zero reaction rate (n=0.12+0.11 using
a free power law fit), which as rubbing continues increases
to about 0.22+0.02. However, based on the observed growth
trend of the ZDDP decomposition components, the first order
kinetics model is more appropriate for the case of ZDDP as
it has been reported before that the higher the initial concen-
tration of ZDDP the longer the formed phosphate chains.”!
If the reaction is closer to zero order then increasing the con-
centration of the reactants should not have much influence on
the products. This suggests that the polymerization reaction
of the phosphate chains follows first-order reaction kinetics.
Assuming that the polymerization of every chain starts with
an initial concentration C of short chain phosphate and over
time is polymerized into long polyphosphate chain with a
concentration C, the following overall simplified reaction

can be proposed:

T.PYy
C,—>C,

(6)

As this is assumed to be a non-reversible reaction, the in-
crease in the concentration of the formed chains over time
can be expressed as:

d
a(Co)= ™
where k is the reaction rate coefficient. To simplify the inte-
gration of this equation, C_ can be expressed in terms of the
equilibrium concentration C_ at t — oo, as follows:

K(Co)

£(c,)=+(c.~c,)

Upon integration and few arrangements, the solution to the
above equation forms the first order rate law, which gives the
concentration at any time 7 as:

Cyo—-C.
1+ (C—e) exp (—kt)]

®)

Co(1) = Ce ©
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Table 2
Fitting parameters based on Eq.9 for the different compo-
nents of the tribofilm.

Species ‘ C, (%) C, (%) k

(0] 4435+ 1.05 100 0.38 +0.07

P 21.27 +1.01 0 0.38 £ 0.09

Zn 18.70 +£2.30 0 0.50 +0.33

N 16.07 + 1.87 0 0.24 £0.12
BO/NBO 0.32 +0.06 0 0.40+0.21
P/O 0.49 +0.04 0 0.23 £0.13
P/Zn 1.23 +0.20 0 0.31 +0.30

The model described in Eq. (9) is suitable in the case of a
single growth or a single degradation of a component. How-
ever, in the case of phosphate chains in a tribofilm, they are
expected to have a multimode mechanism of growth and ces-
sation accompanied by a dynamic formation and removal of
layers of the tribofilm. To account for this more compli-
cated system, a model with two reaction rates can be used
by adding the outcome of two models similar to the one de-
scribed earlier in Eq. (9). The first model accounts for the
growth whereas the second one accounts for the cessation or
removal of the phosphate chains. In this case, the two are
assumed to occur simultaneously and are mutually exclusive
and hence the addition can be used. However, in the more
complex tribological contact a strong synergy is more plau-
sible as the longer the phosphate chains are formed the more
the cessation or removal is expected. Nevertheless, for sim-
plicity, the growth and cessation will be assumed to occur
independently and non-contemporarily, and thus the single
mode model described in Eq. (9) will be used to fit the data.

As the concentration of the short phosphate chains can-
not be measured directly, the initial concentration of oxygen
species will be used as an indirect indication of the concen-
tration of the short chains. The argument is that initially
an oxide layer covers the steel substrate. As the ZDDP
molecules decompose, layers of short chains are formed
(Cy = 100 %). Then longer chains start to cover these lay-
ers gradually. So, as the polymerisation reaction evolves,
the concentration of short chains (the reactant) decreases,
whereas the concentration of the long chains (the product) in-
creases. Thus, the evolution of O can be utilized to represent
the evolution of short chains, whereas P, S and Zn species can
represent the evolution of the chains in terms of their length.
Using the fitting parameters listed in Table 2, Fig. 6 shows the
results of fitting the proposed growth model to the XPS data
of O, P, S and Zn, whereas Fig. 7 shows the fitting results for
BO/NBO, P/O and P/Zn. The model fits the data extremely
well using two fitting parameters only, i.e. C, and k. The use
of only two fitting parameters was justified by considering
that initially no P, Zn or S exists on the surface, i.e. their
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initial concentration C;, = 0, but only O exits initially with
C, = 100.

The fitting shows that the reaction rate coefficients k for
the main components forming the phosphate chains, i.e. O
and P, are similar, i.e. k¥ = 0.38 + 0.10, which fall within
the same range of the ones of BP/NBO, P/O and P/Zn ratios.
The reaction rate of S is slightly lower, i.e. k£ = 0.24 + 0.12,
whereas the one of Zn is relatively higher, i.e. kK = 0.50+0.33.
The difference in the reaction rates between the tribofilm’s
components might be a result of the larger deviation within
the S and Zn data as indicated by the higher standard devia-
tions of the model fitting coefficients.

Conclusion

This study followed the ZDDP decomposition reaction
and its tribofilm formation over rubbing time. The study
showed that before the formation of a phosphates-rich pro-
tective tribofilm, the ZDDP decomposition has an important
precursor, namely, the formation of a sulfur-rich layer. The
results suggest the necessity to form this base layer on the
steel surface before any growth is possible. Hence, one can
switch on and off the decomposition process by controlling
the surface availability rather than the physical and chemical
nature of the medium and surface. The sulfur precursors are
formed nearly instantly, however the formation of the zinc
thiophosphate has a transient burst phase near the steel sur-
face followed by a slow phase until asymptotically approach-
ing steady state. The formation of the zinc thiophosphate
starts initially with short phosphate chains, which are formed
due to the excess concentration of metal oxides on the steel
surface. As the concentration of the oxides decreases away
from the surface, this leads to the polymerization of the short
chains into longer ones. Based on the observed growth trend
of the ZDDP decomposition components, the polymeriza-
tion reaction of the phosphate chains was suggested to follow
first-order kinetics.

The findings of this study provide better understanding
and new insights into the decomposition reactions and asso-
ciated kinetics of the widely used ZDDP antiwear additive.
The ZDDP reaction mechanisms revealed by this study can
help make progress towards developing new green alterna-
tives with similar antiwear capabilities.
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