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Abstract: The reaction kinetics of zinc dialkyldithiophosphate (ZDDP) and ashless DDP
antiwear additives were studied using in-situ single asperity AFM experiments. The results
show that the ZDDP molecules decompose under high temperature and contact pressure fol-
lowing first order reaction kinetics (n = 0.71 = 0.14), whereas the DDP molecules follow
a more complex fractional order (n = 0.52 + 0.07). The fractional order indicates that the
decomposition process includes more side and intermediate reactions that consume part of
the additive to form species, i.e. possibly volatile products, other than the antiwear phosphate
glass on the contacting surfaces. In the case of ZDDP, the formation rate of the phosphate
glass follows an equal exponential dependence on both temperature and contact pressure.
However, in the case of DDP, it increases exponentially only over contact pressure and lin-
early over temperature. The findings of this study advance our understanding of the currently
widely-used P-based antiwear additives and open future opportunities to develop new green
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alternatives with similar antiwear capabilities.
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Introduction

Phosphorus-based additives such as ZDDP and DDP are
well-known to be highly reactive when sheared at high tem-
perature between contacting surfaces (Figure 1) [1]. Initially,
these additives adsorb to the rubbing surfaces with a maxi-
mum coverage when the ZDDP or DDP molecules are flat
and their sulfur atoms lay near the surface. The reaction of
the adsorbed molecules with the oxide layer on bare steel
rubbing surfaces produces initially a mixture of zinc and iron
sulfate in the case of ZDDP (Figure 1b) [2] and iron sulfate
in the case of DDP (Figure 1c) [3, 4]. The sulfate species
are quickly reduced into sulfides at the asperity contacts un-
der the influence of high temperature and contact pressure
[2, 5]. Subsequently, the P-additive molecules decompose
completely to form layers of zinc phosphate of increasing
chain length away from the substrate in the case of ZDDP
[5], whereas in the case of DDP layers of short chain iron
phosphate are mainly formed [6].

The formation of the phosphate layers on the rubbing sur-
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faces led to the widespread use of the P-based additives in
many industries due to their superior antiwear capability.
The general consensus regarding the origin of the antiwear
mechanism is that it can be due to i) the sacrificial nature of
the phosphate layers at the contacting surfaces thus prevent-
ing adhesive wear [1], ii) the ability of phosphate layers to
digest sharp particles worn from the contacting surfaces thus
mitigating abrasive wear [7], iii) the ability of the additives
to decompose peroxy radicals thus limiting surface oxidation
[8], or iv) a combination of the previous mechanisms.

Apart from the many advantages of the P-based additives
such as ZDDP, they have numerous disadvantages as well.
For instance, they can increase micropitting of rolling con-
tacts, which decreases their bearing life [9, 10]. In addition,
the use of these additives in systems equipped with catalytic
converters such as the exhaust system of vehicles can poi-
son the catalyst due to the presence of sulfur and phospho-
rus, which leads to more harmful emissions [11]. Therefore,
increasingly stricter environmental rules are introduced fre-
quently on the allowed concentrations of P-based additives
in the oil [12]. In order to find environmentally friendly al-
ternatives with a good antiwear capability, first the decom-
position reactions and kinetics of the superior antiwear P-
based additives need to be better understood. The formation
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Figure 1. In-situ formation of ZDDP and DDP triboreactive films using a single-asperity AFM tests. a, Schematics of the
in-situ AFM setup showing that the probe and steel substrate are fully submersed in oil. b and ¢, Growth steps of the ZDDP

and DDP triboreactive films, respectively.

kinetics predetermine the thickness, tenacity, durability and
ultimately the antiwear capability of the formed tribofilms.

Despite the extensive work to elucidate the antiwear
mechanisms of P-based additives [13], little is known about
the exact kinetics of their decomposition reaction to form
protective phosphate-rich tribofilms under high temperature
and rubbing. The main obstacle originates from the nature
of the tribo-induced reactions that can follow different com-
plex pathways. The reaction pathway changes depending on
whether the base oil containing the antiwear additive may
also contain adventitious impurities [ 14], other additives [15,
16], detergents [17] and dispersants [18]. The operating con-
ditions [19] and compatibility between the additive and con-
tacting surfaces [20] are also important factors.

The only available data regarding the rate of the decompo-
sition reactions of P-based additives in base oil suggest that
the ZDDP reaction initially follows a zeroth order, but after
long sliding cycles starts to follow a more complex fractional
rate of about 0.2 [1]. However, previous results suggested a
first order reaction kinetics for the decomposition of materi-
als of similar functional groups found in P-based additives,
e.g. dimethyl and diethyl disulfide [21] and other groups un-
der shear [22, 23].

Temperature and contact pressure appear to have an accel-
erating effect on the decomposition reaction of P-based addi-
tives and the formation rate of their protective tribofilms [1].
However, it is still not completely clear whether temperature
and contact pressure have a combined additive effect, or one
has a bigger effect than the other. Thus far, the influence
of temperature and contact pressure has been considered to
follow a chemo-mechanical Arrhenius-type model, which re-
cently has been implemented in several studies for the case of
ZDDP [1, 24]. This model, which in its basic form consid-
ers contact pressure to mainly reduce the activation energy
of the reaction, assumes that the kinetics have exponential
dependence on both temperature and contact pressure. How-
ever, the effect of the applied force is generally more com-

plicated than temperature as not only the magnitude but also
the speed, i.e. time, amongst other will have effect on the
observed rate [22, 25, 26]. The applied force is expected to
weaken the bonds more as the force quiescent time increases
[25]. This indicates that the applied force has a time depen-
dent effect, which can induce outburst of bonds rupture and
therefore making the formation and removal rates time de-
pendent. This effect has not been taken into account in the
available experimental data related to the P-based additives
despite its large potential impact.

This study aims at exploring the reaction kinetics of the P-
based additives in more details taking into account the effect
of speed and various levels of temperature (25-120 °C) and
contact pressure (2—7 GPa) using in-situ single asperity AFM
tribotests. These tests will allow us to study both the forma-
tion of the protective tribofilms over time and the evolution
of their structures.

Materials and methods

The base oil used in this study is synthetic poly-a-olefin
(PAO), which has a kinematic viscosity of 4 cSt at 100 °C.
Using this base oil, two formulations were prepared; one
contains secondary ZDDP and the second contains DDP. The
amount of additive was added such that the phosphorus con-
centration in the base oil is fixed at 0.8 wt.%.

The in-situ tribological tests to form the ZDDP and DDP
triboreactive films were performed using an atomic force mi-
croscope (AFM) - (Dimension Icon Bruker, USA), as shown
in Figure 2a. The counterbodies, which slide against each
other during the in-situ tests, were submersed in oil (Figure
2b) using an in-house designed high temperature liquid cell.
The counterbodies consist of a sample made of AISI 52100
bearing steel, which has an average Rq roughness of 12 nm,
and a silicon AFM probe (Rtespa 300, Bruker, USA), which
has a nominal tip radius of 8§ nm and a spring constant of 40
N/m. The in-situ AFM tests were performed using multi-pass
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Figure 2. Materials and methods used to form ZDDP and DDP triboreactive films. a, AFM image showing the in-situ AFM
setup consisting of Bruker Dimension Icon AFM and in-house made high temperature liquid cell. b, Schematics of the AFM
showing that the probe and AISI 52100 bearing steel substrate are fully submersed in oil. ¢, Evolution of the topography AFM
images over sliding distance of rough Ti substrate used for tip estimation under small adhesion force versus large contact force.
Evolution of the estimated d, tip radius, e, R, and R, and f, Ry,,5x over sliding distance under small adhesion force versus large

contact force.

two-directional raster scans of an area of 5 x 5 um?. After
specific number of cycles, the tribotests were interrupted to
capture high quality AFM images under low contact force <
100 nN of an area of 10 x 10 umz, which is centered around
the rubbed area.

To assess the wear behavior of the AFM tip, a Ti sub-
strate of large roughness was scanned for different sliding
distances as shown in (Figure 2c). The captured topogra-
phy was largely affected by the normal load applied during
scanning. The flattening of the rough features under the high
contact force is mainly related to the large increase in the
tip radius due to its progressive wear over sliding distance.
The large tip overestimates the features of any size below the
tip diameter. The evolution of the tip radius over the first 200
mm of sliding distance under two different loads using a stan-
dard Ti substrate of high roughness is shown in Figure 2d.
The first chosen load was only due to adhesion force with-
out any normal load applied whereas the second load was set
at > 150 nN to represent a large normal force that could be
applied during the in-situ AFM experiments. The results in-
dicate that the tip initially has a radius of about 15 nm, which
is close to its nominal value of 8 nm. The slight deviation
can be related to the wear of the tip occurring during the tip

engagement with the surface and during the calibration of the
cantilever deflection sensitivity. The evolution of the tip size
indicates that even after the first few millimeters of sliding,
higher normal load leads to more wear of the tip, which is
expected. Furthermore, the results indicate that the majority
of wear occurs during the first 50 mm of sliding distance.
The tip wear appears to follow a logarithmic trend until the
tip radius reaches a steady state value after a sliding distance
depending on the applied load, e.g. 25 mm in the case of
adhesion force and 50 mm in the case of large contact force.
This trend is in agreement with the results of Gotsmann and
Lantz [27] and Liu et al. [28].

To quantify the flattening effect of the tip size on the fea-
tures of the captured images, Figure 2e-f show the evolu-
tion of the measured surface properties based on the arith-
metic average (Ra), Root Mean Square (Rms) and maximum
(Rmax) roughness of the surface, as a function of the sliding
distance. These statistical properties appear to be affected
only slightly in the case of sliding under the adhesion force
only. In contrast, when the applied load was increased to >
150 nN, a reduction by 30-40% was observed in the first 100
mm of the sliding distance, which is in agreement with the
observed increase in the tip radius shown in Figure 2d.
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Results and discussion
Growth of ZDDP tribofilms

Evolution of thickness and topography. The thickness
and topography evolutions over sliding cycles of ZDDP tri-
bofilms formed at 80 °C under 2.7, 4.5 and 5.7 GPa are
shown in Figure 3a-d. For these different cases, the results in-
dicate that initially the tribofilm thickness seems to increase
linearly. However, after a certain number of sliding cycles,
which depends on the applied contact pressure as shown in
Figure 3e, the thickness starts to increase sharply with much
faster kinetics. These observations are in agreement with
the results of Gosvami et al. [1], which suggested that the
growth of the ZDDP tribofilms undergoes two distinctive
phases starting with a slow linear growth phase followed by
a fast logarithmic phase. Figure 3e provides a comparison
between the numbers of sliding cycles required before the
growth rate of the tribofilms, formed under different contact
pressures, to switch from the slow to fast growth kinetics.
The results suggest that the increase in contact pressure re-
duces the needed cycles exponentially. For instance, at 2.7
GPa, 9000 cycles would be required as opposed to only 4000
cycles at 5.7 GPa. This indicates that the larger the contact
pressure the faster the reaction kinetics of the ZDDP decom-
position reactions.

Wear behavior. As rubbing continued, a decrease in the
thickness of the formed tribofilms was observed (Figure 3a-
¢), which indicates that layers of the films were worn away.
However, in few repetitions (e.g. Figure 3d), no removal cy-
cles were observed. The topography images of the structure
of the formed tribofilms indicate that the absence of removal
is typically observed when the formed tribofilm is smooth
and more compact. This resulted in a uniform linear growth
of the tribofilm. On the other hand, when the formed tri-
bofilm has a relatively high roughness, the growth phase pro-
ceeds with a much faster kinetics.

Interestingly, the tribofilm surface after every removal
phase also appears to be rough, which seems to help accel-
erate a subsequent fast formation phase in which a large in-
crease in the tribofilm thickness was observed over a small
number of sliding cycles. The extra energy for this fast
growth can originate from the broken dangling bonds of the
undercoordinated atoms [29] and the creation of nascent sur-
face of high reactivity during the preceding removal cycle
[30]. If the tribofilm is initially smooth, no hastened for-
mation would occur and thus no removal (Figure 3c). This
steady formation results in a more compact tribofilm as it
takes more time to grow and thus steady local reconfigura-
tions are possible leading to a better accommodation of the
newly formed layers and thus high compactness. However,
the hastened formation produces thicker but less compact tri-
bofilm layers that can be removed easily under shear. This is
evident by noticing the striking similarity between the topog-

raphy of the tribofilm just before the fast formation and after
the removal. This indicates that the formation and removal
cycles can be repetitive (Figure 3a-c), i.e. the more the tri-
bofilm removal, the rougher the surface and the more the en-
ergy available for the next formation phase and consequently
the faster the tribofilm formation.

Accumulated growth behavior. The effect of contact
pressure can be further examined by studying its effect on
the same tribofilm as it forms. This gives a better under-
standing of the effect of not only the contact pressure but
also the substrate and its hardness and elastic modulus on
the tribofilm formation. Figure 3f shows the evolution of the
tribofilm thickness over different contact pressures ramped in
the same in-situ tribotest. The data shows clearly that the for-
mation rate increases over the contact pressure. The growth
rate over sliding cycles was the same whether the contact
pressure was applied to the steel surface directly or to the
surface covered by a thin layer of tribofilm. The data provide
two important findings.

First, the substrate effective hardness and elastic modu-
lus felt by the AFM tip are not altered due to the presence
of the ultra-thin tribofilms of < 100 nm thickness. If this
was not the case, the tribofilm growth rate should have been
reduced as the tribofilm grows because the increased defor-
mation should have increased the contact area and thus de-
creased the effective contact pressure.

Second, there is a pseudo steady-state thickness reached
under 7.3 GPa of contact pressure. Under this pressure, it
was expected that the tribofilm should keep growing but in-
stead it reached a limited thickness after which no appar-
ent growth was observed. The reason behind this steady-
state condition can be related to the combined effect of the
tribofilm deformation and the equilibrium between the tri-
bofilm formation and removal. If removal was the only dom-
inant process, then a sharp decrease in the tribofilm thickness
should be observed. However, as the contact pressure is ex-
tremely severe, i.e. enough to wear the steel surface, the soft
tribofilm can be easily removed but at the same time the high
stresses are enough to accelerate the decomposition process
to a great extent as to counteract the thickness-reducing pro-
cesses of deformation and wear.

Effect of sliding speed. The changes in the growth rate
of the ZDDP tribofilms formed at 80 °C and 7.3 GPa as a
function of the scanning speed and sliding time per cycle are
shown in Figure 4a. The results show that the speed does
impact the reaction kinetics. However, the apparent increase
in the formation rate over speed is primarily related to the de-
creased sliding time per cycle, as shown on the same Figure
4arather than a genuine effect of the speed or shear rate. This
is further confirmed in the inset of Figure 4a, which shows
that if the growth rate is measured per cycle instead of per
time, the speed has a negligible effect on the kinetics. This
is somewhat expected as Clasen et al. [31] using the micro-
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Figure 3. Effect of contact pressure on the growth of ZDDP triboreactive films formed at 80 °C. a, b, and c, Evolution of
the thickness and structure of the formed films at 2.7, 4.5 and 5.7 GPa, respectively, over rubbing time after two repetitions.
d, Evolution of the films formed at ¢, for longer rubbing cycles. e, Number of sliding cycles required before the growth rate
of the tribofilms formed under different contact pressures to switch from the slow to fast growth kinetics. f, Evolution of the
thickness of the triboreactive films over sliding cycles while ramping the contact pressure from 4.0 to 7.2 GPa at 80 °C.

gap rheometer showed that the shear stress in the boundary
lubrication regime is independent of the shear rate and de-
pends only on the friction coefficient, which is constant in
this regime, and the applied normal force on the contacting
asperities, which was constant during the in-situ tribotests at
the various tested speeds. This is also in line with the results
of Shimizu and Spikes [26], which showed that in the mixed
sliding and rolling condition, the formation rate of the ZDDP
tribofilm is less sensitive to the exact SRR. Therefore, this in-
dicates that shear stress rather than the rate is the controlling
parameter. However, they interpreted the data as the rubbing
time is far more important than the sliding distance.

Our data seem to suggest that in the boundary lubrication
regime the growth rate is less sensitive to the sliding speed
and is only dependent on the sliding cycles. This is an in-
teresting result as it indicates that the growth occurs cumu-
latively in a layer-by-layer fashion, i.e. every rubbing cycle
regardless of its timing adds one layer of a certain thickness
depending on the other operating conditions of temperature
and contact pressure.

Effect of contact pressure and temperature. The
growth rate of the ZDDP tribofilms formed at 80 °C can
change over the applied contact pressure as shown in Figure
4. The data indicate that within the tested range of contact
pressures, i.e. 2-6 GPa, shown in Figure 4a, the tribofilm

growth rate increases linearly with a rate of 0.027 nm/GPa.s.
The only available data similar to this work are the ones of
Gosvami et al. [1], which are plotted in the same Figure 4a
for comparison. The shift in data is mainly related to the un-
certainty in contact pressure. In agreement with our results,
the previously reported data seem to follow a linear trend
with a similar rate of 0.033 nm/GPa.s. It is worth mentioning
that Gosvami et al. [1] suggested that their data follow three
distinct phases, i.e. 1) initial slow growth below 3.5 GPa, ii)
exponential growth from about 3.5 to 5.0 GPa and iii) steady-
state equilibrium of formation and removal at high contact
pressures above 5.0 GPa.

To verify whether the tribofilm growth follows a linear or
exponential growth, a wider range of contact pressures up to
7.3 GPa was tested at 80 °C and the results are shown in Fig-
ure 4b. The whole set of data appears to follow a continuous
exponential growth without any apparent steady-state phase.
This is contrary to the results of Gosvami et al. [1]. If their
steady-state argument can be neglected then their whole set
of data can also be fitted with a single exponential growth
model, with some variations due to the uncertainty in contact
pressure, without the need to divide it into three phases as
discussed before.

To confirm the validity of the single exponential fit argu-
ment, the growth rate was followed over a combination of
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Figure 4. Effect of speed, temperature and contact pressure on the formation kinetics of ZDDP triboreactive films. a, Effect of
sliding speed on the growth rate of the films formed at 80 °C and 7.3 GPa. The inset shows the effect of sliding speed on the
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on the growth rate of the films formed at 80 °C. The results of Gosvami et al. [1] were plotted for comparison. d, e, and f,
Evolution of the growth rate under different contact pressures and temperatures. The 3D surface in f, was generated using the
chemo-mechanical Arrhenius-type model described in Equation 1.

various contact pressures (Figure 4c) and temperatures (Fig-
ure 4d). The results suggest that the whole dataset can be
fitted using a single exponential fit. Furthermore, the data
suggest that the higher the temperature or contact pressure,
the higher the increase in the growth rate, which seems to
follow an exponential trend.

The similar effect of temperature and contact pressure on
the growth rate of the ZDDP tribofilms confirms their accel-
erating effect on the additive decomposition process [24, 32].
This suggests that the decomposition process of the ZDDP
is thermally and mechanically assisted process, which can
be activated by the availability of either shear or heat [32].
The synergy of these two factors on the growth rate of the
ZDDP tribofilm is demonstrated in Figure 4f. For instance,
the growth rate can be increased tenfold from 0.002 nmy/s,
at 70 °C and 2.7 GPa, to about 0.02 nm/s by increasing ei-
ther the temperature to 120 °C or the contact pressure to 7.3
GPa. Therefore, the effect of temperature and contact pres-
sure seems to be an additive effect as can be seen by the
imaginary diagonal line in Figure 4f between temperature
and contact pressure manifested by the maximum growth rate
when the two are both maximum.

Growth of DDP tribofilms

The evolution over sliding cycles of the thickness and to-
pography of DDP tribofilms formed at 80 °C and various
contact pressures, i.e. 3.9, 4.3 and 5.2 GPa, are shown in Fig-
ure Sa-c, respectively. Similar to the case of ZDDP, the DDP
results show a clear accelerating effect of contact pressure
on the tribofilm growth rate. During the first 500 cycles, the
formation rate increased from 0.005 nm/s at 3.9 GPa to about
0.018 nmy/s at 5.2 GPa. As rubbing progressed, the tribofilm
growth seems to enter a second phase of faster formation.

During the slow and faster formation phases, the formed
DDP tribofilms did not show any removal as opposed to the
case of ZDDP where the tribofilm formation was continu-
ously interrupted by removal cycles. This can indicate that
either the DDP tribofilm is more durable and tenacious than
the ZDDP tribofilm or the removal cycles occur primarily
after the tribofilm reaches a certain large thickness.

The evolution of the growth rate of the DDP tribofilm over
a wide range of contact pressures and temperatures is shown
in Figure 5d-f. The data indicate that the tribofilm growth
rate increases exponentially over contact pressure, whereas it
grows linearly over temperature. The more prominent effect
of contact pressure implies that, above a certain threshold
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of temperature, shear stress only is enough to cause a com-
plete decomposition of the DDP additive to form a protective
tribofilm. Increasing the temperature further does not have a
potent effect as opposed to the case of ZDDP, which suggests
different reaction pathways with different energy barriers.

Estimation of the activation energy

The accelerating effect of temperature and contact pres-
sure on the decomposition reaction of P-based additives sug-
gests that the reaction kinetics follow a chemo-mechanical
Arrhenius-type model, which recently has been implemented
by several studies for the case of ZDDP [1, 24]. This model
in its general form reads:

ey

k(T,P)=A [exp (— Eq(P) )]

KgT

where A is the pre-exponential constant in the Arrhenius
equation depending on the attempt frequency that is of the
same order as the atomic vibration and the lattice parame-
ter, Kg is the Boltzmann constant, T is the absolute temper-
ature and E,, is the activation energy, which considering the
second-order effects of the shear stress on the shape of the
energy profile, can be given by [33]:
2 P2 A2

E,(P) = Eq - uPA,Ax + & G- O

where E| is the nominal activation energy at no applied con-
tact pressure (P), u is the friction coefficient, A, is the reac-
tant area at which the contact pressure is applied, Ax is the
activation length from the reactant state at x = 0 to the tran-
sition state along the reaction coordinate, &; and &7 are the
curvature values of the initial and transition states along the
reaction coordinate, which can be given as follows:

202 (1 + 1\
== 3)
E()ﬂ' 1-r
and
AR (1= r\
- _ 4
&1 E0ﬂ2(1+l’) @

where |r| < 1 is the potential shape parameter, e.g. r = O rep-
resents a gradual transition from the reactant to the transition
state, whereas r = 1 represents a sharp step like transition.
This parameter is not known although a priori assumptions
can be made. For instance, previous experimental results [1,
24] suggested that the contact pressure reduces the nominal
activation energy of the ZDDP decomposition reaction lin-
early, which indicates that within the experimental certain-
ties: r < 0.7 [33]. It follows that the higher order quadratic
term of Figure 2, which consists of small quantities multi-
plied and all raised to the power of two, is likely to be negli-
gible.

To fit Equations 1 and 2 to the experimental data, we need
to make few assumptions. First, the pre-exponential factor,
A, can be assumed to represent the frequency at which the
reactant molecules cross the energy barrier into the transi-
tion state along the reaction coordinate. Considering that the
distance from the reactant to the transition state is Ax and the
molecules speed to be equally given by:

[8kgT
- 8k 5)
m,

where m, is the effective mass, then the molecule frequency
can be given by:

% a 8kgT
== q@x— = —
Ax Ax N mm,

where « is a correction factor for the uncertainties related to
the determination of both v and Ax, which can be limited to
+10% of the nominal frequency value. The above relation is
consistent with the oscillation frequency of the bond that is
broken from the reactant, which is of the order:

fa (6)

kg T
fi~ BT ~ 10857 @)

where £ is the Plank constant.

The second assumption is related to the adsorption of the
ZDDP molecules to the metal surface. This can be assumed
to occur with a maximum coverage when the ZDDP or DDP
molecules are flat on the surface, which means that their
sulfur atoms lay near the surface. This is supported by the
results of several previous studies [5, 34, 35], which indi-
cated that the concentration of sulfur chemisorption products
is higher on the steel surface as compared to the bulk of the
formed tribofilm. This suggests that the decomposition of
ZDDP or DDP molecules starts with their sulfur atoms near
the surface, which is consistent with our proposed assump-
tion. Thus, considering the standard structure of the ZDDP or
DDP with average bond length of 2 A [36], it follows that the
effective area A, can be taken as 1.0 nm? per ZDDP molecule
[24] and 0.5 nm? per DDP molecule, i.e. half the one of the
DDP.

The third assumption is related to the friction coefficient
1, which can be taken as 0.1 such that it matches the average
value for the ZDDP and DDP tribofilms obtained using ex-
situ pin-on-disc rig.

The fit of Equations 1 and 2 to the experimental data starts
with three fitting parameters, i.e. @, Ey and Ax while ignoring
the second quadratic term of Equation 1. This is necessary
for two reasons. First, in order to accurately estimate Ax and
second, to be able to assess the significance of the quadratic
term when compared to the results without including it. The
fitting results are shown in Figures 4 and 5 for ZDDP and
DDP, respectively. Same fit was obtained with and without
the quadratic term, which indicates that the decomposition
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Figure 5. Effect of contact pressure and temperature on the formation kinetics of DDP triboreactive films. a, b, and ¢, Evolution
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two repetitions. d, e, and f, Evolution of the growth rate under different contact pressures and temperatures. The 3D surface in
f, was generated using the chemo-mechanical Arrhenius-type model described in Equation 1.

reaction has the familiar Sine-Gordon (SG) potential rather
than a step-like potential. This is confirmed by noticing the
linear decrease of the activation energy E, over the contact
pressure even when extrapolated to zero pressure, as shown
in Figure 6. Such a behavior suggests a small r — 0, which
is also suggested by the numerical results of Tysoe [33].

The correction factor a for the uncertainties related to the
determination of the attempt frequency, f,, was found to be
in the range of 1072 to 1.0 for ZDDP and in the range of 1073
to 1073 for DDP over the entire tested range of pressure and
temperature. The low values obtained in the case of DDP
are a direct result of the linear rate increase over temperature
compared to the exponential increase over contact pressure.
This causes the pre-exponential factor, A, to be much less the
expected value at 10'?. Similar deviation from this value was
also found by Gosvami et al. [1] for the case of ZDDP.

The activation energy values for ZDDP range from 35 to
43 kJ/mol, whereas for the case of DDP range from about 10
to 25 kJ/mol, which are nearly half the value found for the
ZDDP additive. The range of activation energy is consistent
with the recent results of Gosvami et al. [1] of similar in-
situ AFM tribotests and the results of Zhang and Spikes [24]
of the ZDDP additive decomposing in viscous fluids using
shear only and assuming no direct asperity-asperity contacts.

The smaller energy barrier, Ey, of DDP compared to
ZDDP suggests that the decomposition reaction of DDP is

more susceptible to contact pressure than the one of ZDDP.
This indicates that the lack of zinc cations within the DDP
molecules results in weaker overall bonds. Nonetheless, this
does not warrant a faster reaction rate as it can be signifi-
cantly affected by the activation length, which constitutes the
rate-force dependency.

The activation length in the case of DDP was found to
be about 0.8 A, which is nearly fourfold the one found in the
case of ZDDP,i.e. 0.2 A. These values are consistent with the
ZDDP results of Gosvami et al. [1] of 0.35 A and other pre-
viously reported data in the literature for other materials but
using a similar model [25, 37]. The reported values are fea-
sible for the fitted atom-by-atom decomposition model that
implies the activation lengths to be less than the length of the
bond to be broken. On the other hand, the ZDDP results of
Zhang and Spikes [24] suggested activation length of about
1.8 A, which is of a relative order to the average bond length
of 2 A found in the ZDDP molecule [36].

Several factors might have contributed to the wide dispar-
ity in the reported activation length values. First, the differ-
ent operating conditions between our single asperity AFM
tribotests in the boundary lubrication regime and the con-
ventional experiments of Zhang and Spikes in the elasto-
hydrodynamic lubrication (EHL) regime.

Second, the limited range of contact pressures used to fit
the data of Zhang and Spikes, which can result in misleading
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Figure 6. Evolution of activation energy E, of the growth of a, ZDDP and b, DDP triboreactive films over contact pressure.

results by not capturing the complete but part of the forma-
tion trend.

Third, the original chemo-mechanical Arrhenius-type
model suggested by Gotsmann and Lantz [27] is typically
applied when the shear stress is taken to act on the bonds
directly. However, the way the model implemented here is
by taking the average shear stress to be equal to the applied
contact pressure multiplied by the friction coefficient. The
oversimplification of the complex flow within the contact can
bring large errors in estimating the activation energy and its
length. It is worth noting that Zhang and Spikes assumed that
no direct contact exists between the sliding counterbodies as
their experiments were conducted in the EHL regime. How-
ever, they considered the shear stress in a similar way to our
treatment. Again, this is an overestimation rather than actual
consideration.

Fourth, for the used Arrhenius kinetics model, the applied
force is expected to weaken the bonds more as the force qui-
escent time increases due to the sharp decrease in the life-
time of the bond 7 by several orders of magnitude [25], i.e.
F oc 1/7. This indicates that the applied force has a time de-
pendent effect, which can induce outburst of bonds’ rupture
and therefore making the formation/removal rate constant k
time dependent. However, despite its potential large impact,
this effect has not been taken into account in the available ex-
perimental data related to the ZDDP additive. Nonetheless,
it is worth noting that there are several models proposed to
take into account the effect of sliding speed. For instance,
the models of Briscoe and Evans [38] and Sang et al. [39]
consider the effect of low and high speeds, respectively, on
the shear stress at the interface and how it can affect the ob-
served nanoscale friction. More recently, Tysoe [33] pro-
posed a model to account for the velocity effect on the tribo-
chemical reactions. The model is based on assuming that the
energy barrier is time dependent and convoluted in the slid-

ing velocity, thus the reaction rate can be found as follows:

L 2keT 1n(l)— zAElrl(t°—V)]
a

Ink(v) = lnko+kB—T

aP a
®)
where ky is the thermal reaction rate, v is the sliding velocity,
t. is some characteristic time such that f7.v/a > 1, Pis a
factor related to the sliding transition over the energy bar-
rier, AE is the change in the initial potential minimum due
to sliding, F* = nEy/a > F is the maximum force that can
cause spontaneous sliding, Ey and a are the height and peri-
odicity of the energy potential. The terms inside the square
brackets represent the applied force. Therefore, the model re-
quires two fitting steps; one for the force to find the unknown
parameters: F*,a, P, and f. and the other is for the whole
rate equation in order to find the unknown Ax. In the case
the change in the energy minimum, Ax, is smaller than the
thermal energy, kg7, which is expected to be almost always
the case, the model predicts that increasing the sliding ve-
locity would result in increasing the reaction rate. This is be-
cause the original formulation was designed to accommodate
the observation that at small sliding speeds, where slip-stick
friction occurs, increasing the speed results in a logarithmic
increase in the atomic lateral force, i.e. atomic friction, lead-
ing to lower activation energy barrier [40, 41]. However,
this does not hold true for micro- and macroscopic friction at
high sliding speeds like the one used during the in-situ AFM
tribotests. Furthermore, Equation 8 is in contrast with our
previous discussion that the longer the quiescent time of the
applied force, the weaker the bonds and thus the larger the
reaction rate. A more appropriate treatment would rely on
the reduction caused on the activation energy as the force is
applied, which can be assumed a monotonically increasing
time dependent effect, e.g. following a square-root depen-
dence. Thus, the external force terms in Equation 2 can be

Ax |2F*
big a
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modified, as follows:

2P2A2

A
E.(P) = Eo + |uPA,Ax + 2 — d

VI,

C))
Fitting this equation is straightforward and based on the
speed of 400 um/s, it yields insignificant contribution of
speed to the applied force, i.e the last term < 1. This is con-
sistent with our results (Figure 4a) that the scanning speed
per se does not impact the growth rate.

Fifth, under certain harsh conditions of high temperature
and contact pressure, the severity at the contacting interface
causes distortion to the structure of the transition state, i.e.
the shape of the energy potential [40, 41]. As the decom-
position reaction is endothermic, Hammond’s postulate [42],
which describes the structure of the transition state along the
reaction coordinate, suggests that the energy of the transi-
tion state would be closer to that of the products than that of
the reactants. In this case, the harsh conditions might alter
this state such that the energy minimum in the reactants state
to the transition state along the reaction coordinate becomes
smaller with possible alteration to the relative energy differ-
ence as well [33]. Nonetheless, it is worth noting that this
effect is not probable within our in-situ tested conditions as
the contact pressure is not large enough to cause any alter-
ation to the structure of the energy potential. Furthermore, if
any alteration occurs, the activation length is expected to be
shortened rather than elongated.

Sixth, the possible different types of the ZDDP additives,
e.g. primary, secondary or a mixture of the two among oth-
ers, used in the two cases though not expected to have any
significant effect.

G —-én||l+

Estimation of reaction order

To find the order of the ZDDP and DDP decomposition
reaction to form protective tribofilms on the shearing inter-
faces, the following equation for the n™ order reaction rate
can be used [1]:

1

vt v
where n is the reaction order, k is the reaction constant, V
and V are the tribofilm volumes at the beginning of the tri-
botest and at any time ¢, respectively. The initial volume of
the tribofilm, V|, can be taken as zero.

It should be noted that the above equation is suitable to es-
timate the reaction order only in the case of considering the
changes of the reactants, i.e. additive concentration, or the
products, i.e. the formed species of the tribofilm presumably
phosphate species. As this information cannot be assessed
during the AFM in-situ tribotests, the volume of the products
will be considered instead of the concentration. This is a

—(n- 1Dkt (10)

10

rough estimation but still feasible under the assumption that
the thicker the tribofilm the larger the phosphate concentra-
tion.

As discussed before, the tribofilm formation follows a sin-
gle exponential rate (Figures 4 and 5) as opposed to the sug-
gestion of Gosvami et al. [1] that it undergoes two distinctive
phases starting from a slow linear growth phase followed by
a fast logarithmic phase. For comparison purposes, our data
will be fitted assuming two phases in order to have a paral-
lel comparison with the available data in the literature. This
would not affect the conclusions as the first linear fit can al-
ways be ignored and the second exponential fit be extended
to the whole dataset.

For the case of ZDDP, the reaction order was estimated
by fitting Equation 10 to the growth evolution data obtained
at three different contact pressures, i.e. 2.7, 4.5, and 5.7
GPa (Figure 4). The fitting results indicate that, regard-
less of the applied contact pressure, the slow linear phase
of the tribofilm formation follows a zero reaction order with
n = 0.073 + 0.10. On the other hand, the fast logarith-
mic growth phase of the tribofilm appears to follow approxi-
mately first order reaction kinetics with n = 0.71 = 0.14. As
mentioned earlier, the entire dataset can be fitted using first
order kinetics without the need of the initial zero order rate.
The fitting results are in line with several previous reports
suggesting a first order reaction kinetics for the decomposi-
tion of materials of similar functional groups found in ZDDP,
e.g. dimethyl and diethyl disulfide [21] and other groups un-
der shear [22, 23].

The zero order of the slow initial reaction is in agreement
with the in-situ AFM results reported by Gosvami et al. [1],
which suggested that the ZDDP decomposes initially with a
zero reaction rate n = 0.12+0.11, whereas as rubbing contin-
ues the reaction rate becomes n = 0.22+0.02, which suggests
more complex reaction pathways during the decomposition
of the ZDDP.

For the case of DDP, the fitting results indicate that, re-
gardless of the applied contact pressure, the slow linear phase
of the tribofilm formation follows a zero reaction order with
n = 0.047 £ 0.01. On the other hand, the fast logarithmic
growth phase of the tribofilm follows a more complex reac-
tion kinetics with n = 0.52 + 0.07.

The zero order of the slow initial reaction is in agreement
with the in-situ AFM results regarding the ZDDP tribofilms
as well as the previously reported data of ZDDP [1]. How-
ever, the fractional logarithmic rate is lower than the one
found for the case of ZDDP, i.e. 0.77. The reaction order
can be taken as a measure for the decomposition efficiency
to form the bulk of the tribofilm, i.e. sulfides and phos-
phates. The low order indicates that the DDP decomposi-
tion process includes more side and intermediate reactions
of possibly volatile products that consume part of the avail-
able DDP molecules to form species other than sulfides and
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phosphates.

Conclusion

In summary, the kinetics of P-based antiwear additives
were studies under different operating conditions of sliding
speed, temperature and contact pressure. The results indi-
cate that the decomposition reactions of the additives and the
growth rate of their protective tribofilms are independent of
the sliding speed and are only dependent on the scanning cy-
cles. This suggests that the growth occurs cumulatively in
a layer-by-layer fashion, i.e. every rubbing cycle regardless
of its timing adds one layer of a certain thickness depending
on the other operating conditions of temperature and contact
pressure. The data suggest that temperature and contact pres-
sure have an accelerating effect on the reaction kinetics, i.e.
the higher the temperature or pressure the higher the increase
in the growth rate. For the ZDDP, the effect of temperature
and contact pressure seems to have an additive effect, e.g. the
maximum growth rate occurs when temperature and contact
pressure are both maximum. However, the formation rate of
the DDP tribofilm increases over contact pressure exponen-
tially compared to its linear growth over temperature. The
activation energy of the ZDDP ranges from about 35 to 43
kJ/mol, which is nearly twice the value found for the DDP
additive ranging from 10 to 25 kJ/mol. The relatively small
energy barrier of the DDP decomposition makes it more sus-
ceptible to contact pressure than the larger barrier found for
ZDDP. This suggests that the lack of zinc cations within the
DDP molecules results in overall weaker bonds compared
to the ZDDP molecules. The ZDDP decomposition and the
growth of its phosphate-based tribofilms appear to follow
first order reaction kinetics. However, in the case of DDP,
it appears to follow more complex reaction pathways with a
fractional kinetics order of 0.52 + 0.07. The fractional order
indicates that the DDP decomposition process includes more
side and intermediate reactions of possibly volatile products.
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