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The growth of protective tribofilms from lubricant antiwear additives on rubbing surfaces is initiated by mechanochemical decom-
position reactions. These processes are not well understood at the molecular scale for many important additives, such as tricresyl
phosphate (TCP). One aspect that needs further clarification is the extent to which the surface properties affect the mechanochemical
decomposition rate. In this study, we use nonequilibrium molecular dynamics (NEMD) simulations with a reactive force field (ReaxFF)
to study the decomposition of TCP molecules confined and pressurised between sliding ferrous surfaces at a range of temperatures.
We compare the decomposition of TCP on native iron, iron carbide, and iron oxide surfaces. We show that the decomposition rate of
TCP molecules increases exponentially with temperature and shear stress, implying that this is a stress-augmented thermally activated
process. The rates and products of decomposition depend on the properties of the confining surfaces. The activation energy, activation
volume, and pre-exponential factor are similar for TCP decomposition between iron and iron carbide surfaces, but significantly different
for iron oxide surfaces. These findings provide new insights into the mechanochemical decomposition of TCP and have important
implications for the design of novel lubricant additives for use in high-temperature and high-pressure environments.

1 Introduction
Mechanochemistry describes a wide range of phenomena in
which mechanical force influences chemical reactivity.1 This in-
cludes reactions in ball mills, where energy is transferred from
moving balls to the milled medium during collisions of the balls
with each other and the jar walls.2 Mechanochemical reactions
can be performed without solvents or heating, which can provide
considerable environmental benefits over conventional routes.3

The choice of ball and jar materials are known to be affect re-
activity for a range of processes, such as cocrystallisation4 and
cycloaddition,5 emphasizing the important role of the solid ma-
terial. In some cases, the milling balls themselves are the cat-
alyst of the reaction, which is known at direct mechanocataly-
sis.6 Another example and particularly high-value application of
mechanochemistry is lubricant additives that reduce wear in tri-
bological contacts.7 The most popular antiwear additive for au-
tomotive lubricants, zinc dialkyldithiophosphate (ZDDP), forms
protective tribofilms on rubbing surfaces through mechanochem-
ical processes.8–10

The tribofilm growth of ZDDP is strongly dependent on the na-
ture of the rubbing surfaces.11 Surfaces with a high elastic modu-
lus, such as tungsten carbide,9 require lower loads to form tri-
bofilms than steel, due to higher contact stresses.10 In exper-
iments using aluminium-silicon alloys, thicker ZDDP tribofilms
form on the silicon phase than the aluminium matrix, which
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is also due to the higher elastic modulus and thus stress.12 As
well as the mechanical properties of the rubbing surfaces, the
surface energy can also affect ZDDP adsorption and tribofilm
growth.13 ZDDP forms thicker tribofilms on surfaces to which
it readily adsorbs, such as steel, silicon nitride, and tungsten
carbide surfaces than those where minimal adsorption occurs,
such as diamond-like carbon (DLC) and silicon carbide.14 Ion-
implanting alloying elements into steel can affect ZDDP tribofilm
growth, nickel promotes tribofilm formation, molybdenum and
chromium slows growth, while vanadium and tungsten have no
significant effect.15 ZDDP forms thicker tribofilms on aluminium-
magnesium alloys than on either of the pure metals due to the
stronger adsorption of the ZDDP molecules on the alloy.16 A re-
cent study revealed how the interplay of mechanical and chemi-
cal factors determine the tribological behaviour of ZDDP on DLC,
with hydrogen-free coatings of moderate elastic modulus being
most wear-resistant while still allowing ultralow friction.17 Sur-
face chemistry can also affect other mechanochemical processes
inside rubbing contacts. For example, the rate of α-pinene tri-
bopolymerisation is higher on palladium, copper oxide, nickel ox-
ide, and chromium oxide than gold, silicon oxide, aluminium ox-
ide, and DLC surfaces.18 Moreover, the α-pinene tribopolymeri-
sation rate is higher on bare silica surfaces than hydroxylated sil-
ica.19 This is due to the fact that stress can be more efficiently
transferred from the sliding surfaces to additive molecules that
are strongly adsorbed.20,21

Phosphate esters lubricant additives have numerous industrial
applications due to their stability, particularly in the presence
of oxygen.22 Their versatility in structure, including the abil-
ity to incorporate a variety of substituent groups, has led to
their application as lubricant additives to improve their antiwear,
boundary lubrication, antioxidant, anti-corrosion, anti-foaming,
and metal deactivation performance.23 Phosphate esters come
in various forms, including aromatic, alkyl, thiophosphates, and
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Fig. 1 Molecular structure of tri-meta-cresyl phosphate.

metal-containing esters, and are readily accessible for commer-
cial use.23 One of the most popular of these additives is tricresyl
phosphate (TCP), which has been widely employed in aviation
lubricants for gas turbine engines for decades.24 The molecular
structure of TCP is shown in Figure 1. Like ZDDP, TCP is an effec-
tive antiwear additive for steel contacts.25,26 Another benefit of
TCP for aviation lubricants is that the tribofilms it forms on metal
surfaces slow the degradation of synthetic neopentyl polyol ester
base stocks.27

It was initially suggested that the ability of TCP to reduce wear
on steel surfaces originated from polishing of the surfaces through
the formation of iron phosphide.24 However, later studies showed
that the major component of the tribofilms formed from TCP on
steel was iron phosphate, which acted as a protective layer, rather
than polishing the surfaces.28–30 It has also been shown that ei-
ther organic polyphosphates31 or iron polyphosphates32,33 are
eventually formed from TCP inside tribological contacts, which
are ultimately responsible for its antiwear performance on steel
surfaces. At high temperatures, TCP molecules form relatively
thick (60–100 nm) thermal films on steel surfaces;34 however,
aryl phosphates like TCP form thinner tribofilms (∼ 20 nm) on
rubbing surfaces.35 This is much thinner that the ZDDP tribofilms
that form on rubbing steel surfaces (∼ 100 nm).36

The thermal decomposition of TCP has been studied on several
different substrates. Wheeler and Faut37 used X-ray photoelec-
tron spectroscopy (XPS) to compare the adsorption and dissocia-
tion of TCP on gold and iron surfaces. On both substrates, adsorp-
tion saturated at about one monolayer, but adsorption was slower
on gold than on iron.37 TCP underwent non-dissociative adsorp-
tion on gold and desorbed upon heating, with no TCP left on the
surface at 473 K.37 On iron, no desorption occurred upon heating
and additional interactions were observed between the substrate
and the tolyl groups on the TCP molecule.37 TCP decomposed on
iron between 423 K and 473 K with one of the tolyl groups being
removed to form iron phosphate.37 The temperature range for
decomposition is close to the temperature at which TCP signifi-
cantly reduced the friction of rubbing steel surfaces in tribome-
ter experiments.30 It has since been shown that decomposition
of TCP on iron surfaces occurs mainly via P-O bond scission to
form methylphenoxy intermediates.38 When TCP was heated to

800 K on iron, the methylphenoxy intermediates either desorbed
as cresol via hydrogenation or decomposed further to generate
tolyl intermediates.38 Some of these tolyl intermediates desorbed
as toluene via hydrogenation, but the majority decomposed re-
sulting in hydrogen and carbon monoxide desorption and carbon
deposition onto the iron surface.38

The steel surfaces inside tribological contacts are chemically
heterogeneous and comprise multiple iron oxides.39,40 From ex-
periments conducted at high temperature (750 K), it was sug-
gested that, due to acid-base reactions, TCP vapor preferentially
reacts with iron in higher oxidation states, with reactivity increas-
ing in the order: Fe < FeO < Fe3O4 < Fe2O3.32 However, more re-
cent experiments suggested that reactivity towards TCP increases
in the order Fe3O4 < Fe < Fe2O3.41 In both of these experimental
studies, the Fe surfaces will also form oxide layers that react with
the TCP, rather than the native metal.41 In addition to surface ox-
ides, metal carbides are another important component of bearing
steels.42 A previous study of thermal decomposition found that
TCP reactivity increases in the order: tungsten carbide < molyb-
denum carbide < chromium carbide < vanadium carbide.43

In recent years, experimental studies of TCP adsorption and
decomposition have been complemented by molecular simula-
tions. For example, Khajeh et al.45 used molecular dynamics
(MD) simulations with a reactive force field (ReaxFF) to study
the adsorption of TCP on hydroxylated amorphous Fe3O4. They
found that, at lower temperatures (≤ 500 K), chemisorption oc-
curred mostly via Fe-C bond formation through the tolyl groups.
At higher temperatures (600-700 K), a significant amount of
Fe-O and O-P bonding also occurred, indicating chemisorption
through the central phosphate group. Ewen et al.46 compared
the chemisorption and dissociation of TCP to trialkyl phosphates
on Fe3O4(001) surfaces. In agreement with previous experi-
ments,38,47 they found that the triaryl phosphate TCP was much
less reactive compared to the trialkyl phosphates. The MD simula-
tions also showed that, while the main decomposition mechanism
for trialkyl phosphates was C-O bond dissociation, the only bonds
that broke in TCP were P-O bonds.46 For the trialkyl phosphates,
Ewen et al.46 also compared the adsorption and dissociation on
Fe3O4(001) to hydroxylated amorphous Fe3O4 and α-Fe surfaces.
They found that the reactivity of the trialkyl phosphates increased
in the order: hydroxylated amorphous Fe3O4 < Fe3O4(001) < α-
Fe. Ayestarán Latorre et al.48 studied the mechanochemical de-
composition of trialkyl phosphates between sliding iron surfaces
using non-equilibrium molecular dynamics (NEMD) simulations
with ReaxFF. They found that secondary trialkyl phosphates were
much more reactive than primary ones,48 in agreement with pre-
vious experiments on ZDDP.10 The influence of surface chemistry
on the mechanochemical response of organophosphates is yet to
be explored either experimentally or through NEMD simulations.

In this study, we use NEMD simulations with ReaxFF to com-
pare the mechanochemical decomposition of TCP molecules con-
fined between different ferrous surfaces over a range of temper-
atures and pressures. We observe significant differences in the
mechanochemical reactivity of TCP on iron, iron oxide, and iron
carbide surfaces. The variations in reactivity can be explained
by differences in surface energy and stiffness, which can be ac-
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Fig. 2 Side-view snapshots showing the model systems with TCP molecules confined between a) α-Fe(110), b) Fe3C(010), and c) Fe3O4(001)-SCV
surfaces. Systems shown after minimisation and equilibration, but before heating, compression, and shear. Rendered using OVITO. 44

counted for in theoretical models for mechanochemistry.

2 Methodology

We used NEMD simulations49 to compare the mechanochemi-
cal reactivity of TCP on three ferrous surfaces, as shown in Fig-
ure 2. TCP is a molecule composed of three cresyl (methylphenyl)
groups linked to a phosphate group. It is produced from cresol,
which naturally contains a mixture of isomers with the methyl
group in the ortho-, meta- and para-positions. The ortho-isomers
of TCP are known to be toxic and modern production methods
have reduced the concentration of these to very low levels.50

Therefore, the TCPs used in current aviation lubricants gener-
ally contain mixtures of the meta-isomers and also some para-
isomers.50 The para-isomers were shown to have poorer lubri-
cating properties compared to mixtures of isomers.29 However,
a recent study showed that the para-isomer is only slightly more
reactive than the meta-isomer on ferrous surfaces.41 In this study,
we chose to study pure tri-meta-cresyl phosphate for simplicity;
its molecular structure is shown in Figure 1.

All the systems were constructed using the Materials and Pro-
cesses Simulations (MAPS) platform from Scienomics SARL. The
three model surfaces were native iron, cementite, and magnetite.
Symmetrical contacts were used with the same material for the
upper and lower surface. Native iron surfaces were considered
due to the possibility that they are exposed to the additive follow-
ing removal of surface oxides in rubbing steel contacts.51 Cemen-
tite was chosen as a representative iron carbide surface because it
was identified in previous thermal degradation experiments using

TCP.52 Magnetite was selected since previous experiments have
shown that it is the major oxide formed on the surface of bearing
steel following tribometer experiments.39 We used an α-Fe(110)
for the iron surface,53 Fe3C(010) as the cementite surface,54 and
Fe3O4(001) with a subsurface cation vacancy (SCV) reconstruc-
tion as the magnetite surface55 due to their relatively low surface
energies.

Periodic boundary conditions were applied in the x and y di-
rections. Since the materials all had different lattice constants, it
was not possible to create periodic surfaces with exactly the same
dimensions. The α-Fe(110) surfaces had dimensions of x = 4.8,
y = 4.8 and z = 1.1 nm. The Fe3C(010) surfaces had dimensions
of x = 4.9, y = 4.7 and z = 1.05 nm. The Fe3O4(001) surfaces
had dimensions of x = 5.0, y = 5.0 and z = 1.1 nm. At the start
of the simulations, two of each type of surface were separated by
a 3.0 nm in the z-direction.

48 TCP molecules were inserted between the surfaces. No base
oil molecules were present in the current simulations. Previous
NEMD simulations showed that there were only minor differences
when non-reactive base oils were included in the simulations.56

To replicate tribometer experiments under full-film EHL condi-
tions,9,10,57 we ensured that no direct contact between the sliding
ferrous surfaces occurred during the simulations.

All the simulations were performed using the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) open-
source software.58 The velocity Verlet59 integration scheme was
used with a timestep of 0.25 fs.45 The simulations were con-
ducted in three phases: energy minimisation, equilibration, and
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(a) Iron (b) Iron Carbide (c) Iron Oxide

Fig. 3 Variation in shear stress with changes in normal stress for a) α-Fe(110), b) Fe3C(010), and c) Fe3O4(001) surfaces.

then simultaneous heating, compression, and shear. The energy
minimisation phase was conducted using the conjugate gradient
method. For all the systems and conditions investigated, equili-
bration was performed at an ambient temperature of 300 K for 0.1
ns. During the equilibration phase, the two ferrous surfaces were
brought closer together by applying a pressure of 10 MPa. The
target pressure was obtained by applying a constant normal force
equally distributed across the topmost layer of atoms in the upper
surface, as shown in Figure 2a. The lowermost layer of atoms in
the bottom surface was kept fixed in the z-direction. This ensured
that a realistic liquid density of TCP (1.2±0.1 g cm−3) was ob-
tained prior to the heating, compression, and shear phase. After
the equilibration phase, the compression and shear phase of the
simulations were run for 1 ns. Here, a constant sliding speed of
10 m s−1 was applied to the outer layer of atoms in the upper
surface, as shown in Figure 2a. The pressure was increased to the
target value of 1-5 GPa. The temperatures were increased to 400-
900 K using a Langevin thermostat with a damping parameter of
25 fs.60 The thermostat acted only in the y-direction and on the
central layer of atoms in the upper and lower surfaces, as shown
in Figure 2a. This approach enabled a temperature gradient to
develop in the centre of the TCP film and heat to be dissipated
at the surfaces, as would occur experimentally.61 The thermostat
was sufficiently efficient to ensure that the average system tem-
perature was within 10 K of the target value at the applied sliding
velocity.

The temperature, pressure, and sliding velocity were all
increased simultaneously to capture their combined effects
on the reaction rate. Some previous NEMD simulations of
mechanochemical reactions with ReaxFF have isolated the effects
of temperature, pressure, and sliding by using separate phases
of the simulations.20,62,63 The number of additive molecules
in the NEMD simulations is finite, so separating the simula-
tions into different phases (e.g. temperature) means that fewer
molecules are available to react in any subsequent phases (e.g.
sliding). Conversely, in experimental mechanochemistry stud-
ies,9,10,57 additive-containing lubricants are continuously en-
trained between the sliding surfaces, effectively providing an in-
finite number of additive molecules. Hence, in our NEMD sim-
ulations, we elected to increase the temperature, pressure, and
sliding velocity to their target values concurrently.48

Chemical bonding information was output every 1.0 ps, using a
bond order cutoff of 0.3 to identify covalent bonds.45 The choice
of bond order cutoff only affects the post-processing analysis and
does not influence the ReaxFF energy or force calculations during
then NEMD simulations.

We used the bond order-based ReaxFF potential for all of the
NEMD simulations. Similar systems consisting of phosphorus-
containing additives confined between iron surfaces have pre-
viously been studied with NEMD simulations using first princi-
ples methods.64,65 However, bond order potentials are several or-
ders of magnitude cheaper than first principles methods,66 allow-
ing much larger systems to be simulated under experimentally-
relevant conditions. ReaxFF was originally developed by van
Duin et al.67 to study hydrocarbon reactivity and has been pa-
rameterised to model a wide range of chemical systems and
processes.68 Of particular relevance to this study, ReaxFF-based
NEMD simulations are now routinely used to study tribochemical
reactions.69

The C/H/O/Fe/P ReaxFF parameters used in this study were
developed by Khajeh et al.45. The point charges on the atoms
vary dynamically during the simulations and were calculated us-
ing the charge equilibration (QEq) method.70 The parameters for
Fe/O/H were originally developed by Aryanpour et. al.71, Fe/C
by Zou et. al.72, P/O/C/H by Verlackt et. al.73, and C/H/O
by Chenoweth et. al.74. The combined C/H/O/Fe/P ReaxFF
parameters45 have been successfully applied to study the ther-
mal and mechanochemical decomposition of phosphate esters
with different alkyl and aryl substituents on several ferrous sur-
faces.41,46,48 The ReaxFF parameters have also been validated
against first principles calculations for the adsorption energy and
dissociation energy for trialkyl phosphates on α-Fe(110).46 The
ReaxFF parameters for Fe/O/H have been shown to accurately
reproduce the experimental lattice constants for α-Fe (within 1
%),72 Fe3C (within 0.5 %),72 and Fe3O4 (within 3 %).71 The
ReaxFF parameters have also been shown to perform favourably
compared to other many-body force fields in describing the me-
chanical properties of α-Fe.75 At 300 K, the experimental elastic
modulus is 166 GPa for α-Fe,76 174 GPa for Fe3C,77 and 186 GPa
for Fe3O4(100).78 With the ReaxFF parameters used here,45,71,72

the bulk elastic modulus at 300 K is 136 GPa for α-Fe,79 148 GPa
for Fe3C,79 and 129 GPa for Fe3O4.80 Thus, at 300 K, the experi-
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mental bulk elastic modulus is underpredicted by 18 % for α-Fe,
15 % for Fe3C, and 31 % for Fe3O4. Since previous density func-
tional theory (DFT) calculations have highlighted the importance
of contact stiffness to mechanochemical processes,81 we also cal-
culated the elastic properties of thin single slabs of the three ma-
terials used in the NEMD simulations. For this calculation, the
lowermost layer of atoms in each slab of material was fixed in
the z-direction, while a constant normal force was applied the
topmost layer of atoms to compress the system to 2 GPa. The
temperature was varied between 300-900 K using the same ther-
mostat as applied in the NEMD simulations. The corresponding
elastic constant (C33) was calculated from the strain fluctuations
at constant normal stress.82 The elastic constant results for the
thin slabs are shown in the Electronic Supplementary Information
(ESI) (Table S1). For the α-Fe(110) slabs, the elastic constant C33

decreases from 206 GPa at 300 K to 196 GPa at 900 K. The elas-
tic constant C33 also decreases with increasing temperature for
the Fe3C(010) (from 200 GPa to 181 GPa) and Fe3O4(001) (from
220 GPa to 196 GPa) slabs. The higher stiffness of thin solid slabs
compared to bulk solids was also observed in previous MD simu-
lations and was attributed to geometrical confinement.83 The de-
creasing stiffness with increasing temperature is also consistent
with previous experiments.76

3 Results and Discussion

3.1 Shear Stress

Previous studies have shown that the tribofilm growth rate of
antiwear additives is dependent on the shear stress as opposed
to the normal stress.9,10 It is therefore important to understand
the relationship between the normal stress and shear stress in
our systems. The steady-state shear stress was block averaged
over the final 0.5 ns of the NEMD simulations. Figure 3 shows
the relationship between applied normal stress and the measured
shear stress for the three ferrous surfaces. At any temperature and
normal stress, the shear stress is lower for the systems with TCP
molecules sheared between iron oxide surfaces than iron and iron
carbide surfaces. For all three surfaces, the shear stress increases
linearly with normal stress with a finite intercept, as predicted by
the extended Amontons-Coulomb law: τ = µσ + τ0, where τ is
the shear stress, µ is the friction coefficient, τ0 is the Derjaguin
offset, and σ is the normal stress.84 The friction coefficient and
Derjaguin offset for the different systems and temperatures are
shown in the ESI (Tables S2 and S3). The friction coefficient,
given by the gradient of the linear fits in Figure 3, is similar for
all three surfaces. The Derjaguin offset, given by the intercept of
the linear fit, is similar for iron and iron carbide surfaces, but is
around 50 % lower for iron oxide. This is likely due to the higher
surface energy and adhesion of TCP molecules on iron and iron
carbide compared to iron oxide.13 Previous DFT calculations sug-
gested that the surface energy of α-Fe(110) (2.3 J m−2)53 and
Fe3C(010) (2.2 J m−2)54 is much larger than Fe3O4(001) (1.0 J
m−2).85 For the iron and iron carbide systems, the friction coef-
ficient decreases with increasing temperature (Table S2); in con-
trast, the Derjaguin offset increases with increasing temperature
(Table S3). As the temperature increases, the amount of TCP de-

composition will also increase,46 which causes the temperature-
dependence of the friction coefficient and Derjaguin offset. For
the iron oxide surfaces, the temperature has a negligible effect
on the friction coefficient and Derjaguin offset, which is probably
due to the lower reactivity of TCP on this surface.46

3.2 Dissociation Rates of TCP on Ferrous Surfaces

Figure 4 shows the change in the number of intact TCP molecules
with time for α-Fe(110), Fe3C(010), and Fe3O4(001) surfaces at
constant normal stress (4 GPa) and varied temperature (400-900
K), and constant temperature (600 K) and varied normal stress
(1-5 GPa). The reduction in the number of intact TCP molecules
with time is shown for several other conditions in the ESI (Figure
S1). The TCP molecules are counted as dissociated, i.e., no longer
intact, if any bond other than C-H is broken. During the NEMD
simulations, there is an exponential decay in the number of intact
TCP molecules with time, which is indicative of a first-order reac-
tion.86 This observation is in agreement with previous NEMD sim-
ulations of trialkyl phosphate decomposition between α-Fe(110)
surfaces.48 In mechanochemistry experiments with ZDDP, the
rate of tribofilm growth followed either zero-order or fractional-
order kinetics.8,10,57 The observation of zero-order kinetics indi-
cates that the rate-determining step for tribofilm growth involves
surface-adsorbed molecules, which masks the underlying first-
order kinetics.87 In experiments, the surface-adsorbed additive
molecules are continually replenished from the base oil solution
and the bulk concentration does not significantly decrease.10 On
the other hand, there is a finite number of additive molecules in
the NEMD simulations, which means that the dissociation rate
inevitably decreases as fewer molecules are available to react.48

The dashed lines in Figure 10 show the simulation data and the
solid lines are fits to an exponential function. The exponential de-
cay curves are used to calculate the decomposition rate for each
temperature and stress condition. The full tables of the TCP de-
composition rates obtained from the 2D fits for all the conditions
and surfaces can be found in the ESI (Tables S4, S5, and S6).

The study by Ayestarán Latorre et. al.48 investigated the
mechanochemical decomposition of trialkyl phosphates between
300-500 K and 1-4 GPa for α-Fe(110) surfaces. Comparing the
current results to this previous study, it is clear that triaryl phos-
phates such as TCP had much lower decomposition rates than
trialkyl phosphates under the same conditions. This observation
agrees with previous experimental38,47 and simulation46 studies
of the thermal decomposition of phosphate esters on ferrous sur-
faces.

3.3 Effects of Surface Chemistry on Bonding Rates

The TCP decomposition rates vary significantly depending on the
surface chemistry, with the fastest dissociation being observed
for the α-Fe(110) systems, followed by Fe3C(010), and finally
Fe3O4(100). This may be due to the differences in surface ener-
gies of the three ferrous surfaces.53,54,85 Higher surface energies
promote stronger molecular adsorption88 and thus faster TCP de-
composition. DFT calculations have shown that adsorption is a
crucial step the decomposition of TCP on iron surfaces.89 Disso-

1–14 | 5

https://doi.org/10.26434/chemrxiv-2023-6k06s ORCID: https://orcid.org/0009-0009-5830-7834 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-6k06s
https://orcid.org/0009-0009-5830-7834
https://creativecommons.org/licenses/by/4.0/


(a) Iron (b) Iron Carbide (c) Iron Oxide

Fig. 4 Change in the number of intact TCP molecules with time at 4 GPa between 400-900 K and at 600 K between 1-5 GPa for a) α-Fe(110), b)
Fe3C(010), and c) Fe3O4(001) surfaces. The dashed lines show the simulation data and the solid lines are exponential decay fits to these data.

ciative chemisorption is the rate-determining step for many het-
erogeneously catalysed processes.90

Previous experimental thermal decomposition studies showed
that TCP preferentially reacted with iron oxides that were in a
higher oxidation state, i.e. Fe < FeO < Fe3O4 < Fe2O3.32 This
contrasts with first principles NEMD simulations of other lubri-
cant additives, such as molybdenum dithiocarbamates, where na-
tive iron surfaces were found to be much more reactive than ox-
idised surfaces.91 In agreement with the simulations by Peeters
et al.91, we observe much higher mechanochemical reactivity on
the iron surface compared to the iron oxide surface.

Previous MD simulations investigating the thermal decomposi-
tion of TCP on hydroxylated amorphous Fe3O4 showed that the
dominant reaction pathway involved Fe-C bonding.45 To investi-
gate this further, we plotted the change in the number of carbon
atoms bonded to iron atoms at different pressures and tempera-
tures. The Fe-C bonds present in the Fe3C(010) surfaces before
exposure to TCP are not included in the analysis. Figure 5 shows
the variation in the number of Fe-C bonds with time for the sim-
ulated TCP systems at 600 K between 1-5 GPa for α-Fe(110),
Fe3C(010), and Fe3O4(100). The number of Fe-C bonds at a
given time increases as Fe3O4(100) < Fe3C(010) < α-Fe(110),
which is the same order observed for the rates of TCP decom-
position for the three surfaces. We also see a clear trend of an
increase in the number of Fe-C bonds, and therefore chemisorp-
tion of TCP, with an increase in pressure for all three surfaces.
The increased bonding of the TCP carbon atoms on α-Fe(110)
compared to Fe3C(010) and Fe3O4(100) can be visualised in the
number density profiles shown in the ESI (Figure S2). The car-
bon peaks from the TCP molecules show increased overlap with

the iron peaks for α-Fe(110) than the other surfaces.

Figure 6 shows the relationship between the number of Fe-C
bonds formed and the TCP decomposition rate. There is a loga-
rithmic increase in the TCP decomposition rate with the number
of Fe-C bonds formed for all three surfaces. This implies that
increased chemisorption of the molecules leads to faster dissoci-
ation.13 Indeed, previous experiments showed that ZDDP forms
thicker tribofilms on surfaces to which it more strongly adsorbs.14

3.4 TCP Decomposition Mechanisms

Figure 7 shows the change in the total number of C-O and P-
O bonds with sliding time for an intermediate temperature (500
K) and pressure (3 GPa). For the Fe3O4(001) surfaces, bonds
with surface oxygen atoms are included in the analysis. Solid
lines represent the total change in the number of bonds com-
pared to the TCP molecules, dotted lines show the contribution
from bonds in TCP that are broken, and dashed lines show new
bonds that are formed. For all the surfaces, approximately five
times as many P-O bonds are broken than C-O bonds, suggesting
that P-O cleavage dominates over C-O cleavage. This is expected
based on previous MD simulations41,46 and experiments38 of the
thermal decomposition of TCP for triaryl phosphates. Conversely,
in previous NEMD simulations of trialkyl phosphates confined
between α-Fe(110) surfaces, approximately twice as many C-O
bonds were broken than P-O bonds.48 The decomposition mech-
anism is therefore affected by the much stronger C-O bonds in
triaryl phosphates relative to those in trialkyl phosphates. More-
over, unlike triaryl phosphates, some alkyl intermediates formed
by C-O cleavage in trialkyl phosphates, such as butyl chains, can
readily undergo β -hydride elimination reactions on ferrous sur-
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(a) Iron (b) Iron Carbide (c) Iron Oxide

Fig. 5 Number of Fe-C bonds as a function of time at 600 K between 1-5 GPa for a) α-Fe(110), b) Fe3C(010), and c) Fe3O4(100).

(a) Iron (b) Iron Carbide (c) Iron Oxide

Fig. 6 Variation in the TCP decomposition rates with change in the number of Fe-C bonds between 0-1 ns for a) α-Fe(110), b) Fe3C(010), and c)
Fe3O4(100).

faces to produce gaseous olefins.38 In Figure 7, the number of
C-O and P-O bonds broken for the α-Fe(110) and Fe3C(010) sur-
faces is similar, but fewer bonds are broken for the Fe3O4(001)
surfaces.

No direct Fe-P bonds formed between the surfaces and TCP
molecules in any of the NEMD simulations, which indicates that
iron phosphate, rather than iron phosphide, is formed on the
ferrous surfaces, consistent with observations in previous stud-
ies.28–30 More P-O bonds are formed than are broken in the TCP
molecules, leading to an overall increase in the number of P-O
bonds, as shown by the solid blue lines in Figure 7. This is due to
the formation of P-O-P linkages between the phosphorus atoms,
leading to polyphosphate growth.32,33 This process occurs mainly
through nucleophilic substitution reactions, whereby P-O-R bonds
in TCP (where R is a cresyl group) are replaced by P-O-P bonds.48

The total increase in the number of P-O bonds at the end of
the 1 ns simulation is similar (40-50 bonds) for the α-Fe(110),
Fe3C(010), and Fe3O4(001) surfaces. This is because both the P-O
cleavage and P-O formation reactions are accelerated by the more
reactive surfaces (α-Fe(110)), as shown by the steeper dashed
blue lines in Figure 7. The total number of P-O bonds at the
end of the simulation is also not sensitive to the temperature and
pressure, as shown in the ESI (Figure S3).48

For the Fe3O4(001) surface, nucleophilic attack from the sur-
face oxygen atoms could increase the rate of P-O dissociation
in the TCP molecules.46 The variation in the number of P-Osur f

bonds formed between phosphorus atoms in the TCP molecules

and oxygen atoms in the Fe3O4(001) surface is shown in the
ESI (Figure S4). At low temperature and pressure, the number
of P-Osur f bonds formed (Figure S4) is much less than the to-
tal number of P-O bonds formed (Figure 7), suggesting that this
process plays a negligible role in nucleophilic substitution reac-
tions. However, at high temperature and pressure, the number of
P-Osur f bonds increases, such that it they represent a significant
proportion (>10 %) of the total P-O bonds formed.

3.5 Effects of Surface Chemistry on Tribofilm Growth

Figure 8 shows the number of phosphate-containing oligomers,
toluene, and cresol molecules formed from TCP at 500 K and 3
GPa on the three surfaces. On iron and iron carbide, the pri-
mary product of TCP decomposition is cresol, formed by P-O bond
cleavage. Some toluene is also formed on these surfaces via C-O
cleavage, but this occurs only after the formation of cresol. The
number of oligomers formed is similar for all three surfaces. How-
ever, on iron oxide, phosphate-containing oligomers are the major
product.

The length of the polyphosphate chains in tribofilms is im-
portant to their antiwear performance.92 Figure 9 shows the
change in the number of polyphosphate chains (dimers, trimers,
tetramers, and ≥ pentamers) with sliding time for the three stud-
ied systems. In all cases, the total number of polyphosphate
fragments increases at short times before asymptoting towards
a steady-state value of ∼10. For Fe3C(010) and Fe3O4(001), the
majority of TCP molecules form dimers, but longer chains, up to
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(a) Iron (b) Iron Carbide (c) Iron Oxide

Fig. 7 Change in the number of P-O and C-O bonds with sliding time at 500 K and 3 GPa for the a) α-Fe(110), b) Fe3C(010), and c) Fe3O4(001)
systems. Solid lines show the change in the total number of bonds compared to TCP, dashed lines show bond formation and dotted lines show bond
cleavage.

(a) Iron (b) Iron Carbide (c) Iron Oxide

Fig. 8 Comparison of oligomer, toluene, and cresol quantities at 500 K and 3 GPa for the a) α-Fe(110), b) Fe3C(010), and c) Fe3O4(001) systems.

pentamers, form in some cases. In general, longer polyphosphate
chains are formed on the α-Fe(110) surfaces than Fe3C(010) and
particularly Fe3O4(001) surfaces. For α-Fe(110), a similar num-
ber of dimers and trimers form, with some of the chains grow-
ing up to octamers. The relatively short polyphosphate chains
formed in our NEMD simulations are consistent with the aver-
age chain length of approximately 2.5 monomers found in tri-
bometer experiments with ZDDP.92 Much longer chains (up to
40 linked monomers) were formed in previous NEMD simula-
tions with ReaxFF of phosphoric acid confined between sliding
silica surfaces at very high temperature (1400 K).93 The longer
chains formed in these previous simulations is probably due to the
higher reactivity of phosphoric acid compared to TCP and the lack
of iron atoms to catalyse the depolymerisation (P-O dissociation)
reactions.

The difference in the polyphosphate chain length between the
three surfaces is much more subtle than the difference in TCP de-
composition rates. This is probably because iron atoms or ions,
which are most readily available in α-Fe(110), accelerate the de-
polymerisation of the polyphosphate chains by P-O bond cleav-
age.92 Similarly, the polyphosphate chain length does not vary
significantly over the wide range of temperatures and pressures
studied in the NEMD simulations, as shown in the ESI (Figure
S5). This is because both the polymerisation (P-O formation) and
depolymerisation (P-O dissociation) reactions are accelerated by
a similar amount due to increased temperature and shear stress,
as shown in Figure 7.

3.6 Rate Analysis

Figure 10 shows the dependence of the TCP decomposition rate
on shear stress for iron, iron carbide, and iron oxide surfaces. The
decomposition rates were determined from the exponential de-
cay fits shown in Figure 4 and the shear stress values were taken
from Figure 3. The TCP decomposition rate increases exponen-
tially with shear stress and also with temperature, suggesting that
these reactions are stress-augmented thermally activated (SATA)
processes.94 The Bell model95 can be used to describe the kinet-
ics of SATA processes, and the rate constant, k, can be calculated
as:

k = A exp
(
−Ea − τ∆V ∗

kBT

)
(1)

where A is the pre-exponential factor, Ea is the activation energy,
∆V ∗ is the activation volume, and kB is the Boltzmann constant.
∆V ∗ is sometimes interpreted as the difference in molecular vol-
ume between the transition state and the initial equilibrium state
of the reactant.96 A positive ∆V ∗ indicates that the volume of
the transition state is larger (bond breaking), whereas a nega-
tive ∆V ∗ indicates the volume of the transition state is smaller
(bond formation).97 We use shear stress, τ, in the equation rather
than normal stress, σ , due to experimental evidence that tri-
bofilm growth is controlled by shear stress rather than normal
stress.9,10,97 While τ and σ are proportional (Figure 3), using σ

results in smaller activation volumes by a factor of µ. For first-
order reactions, as is the case here, the reaction rate, r = k[C],
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(a) Iron (b) Iron Carbide (c) Iron Oxide

Fig. 9 Change in the number of polyphosphate chains with sliding time at 500 K and 3 GPa for a) α-Fe(110), b) Fe3C(010) and c) Fe3O4(100)
systems.

(a) Iron (b) Iron Carbide (c) Iron Oxide

Fig. 10 Shear stress dependence of the TCP decomposition rate at different temperatures for a) α-Fe(110), b) Fe3C(010), and c) Fe3O4(100) systems.
Insets show the same data with a logarithmic y-axis.

where k is the rate constant and [C] is the concentration of re-
actant. The Bell model95 accurately describes the rate of TCP
decomposition with temperature and shear stress on the three
surfaces, as shown in the ESI (Figure S6).

The activation volume, ∆V ∗, is calculated from the 2D fits of
the rate versus shear stress data to Equation 1 shown in the insets
of Figure 10. With this fitting method, ∆V ∗ is found to increase
monotonically with temperature from 4.9 ± 1.7 Å3 at 400 K to
17.5 ± 8.4 Å3 at 900 K for TCP between the α-Fe(110) surfaces.
For the Fe3C(010) surfaces, ∆V ∗ also increases with temperature
from 6.6 ± 3.7 Å3 400 K to 15.3 ± 2.4 Å3 at 900 K. For the
Fe3O4(100) surfaces, ∆V ∗ increases from 8.3 ± 4.5 Å3 at 400 K
to 12.8 ± 6.6 Å3 at 900 K. Thus, the calculated ∆V ∗ values are
consistent with the dimensions of single bonds. The molecular
volume of TCP is approximately 500 Å3, meaning that the acti-
vation volumes for TCP on the three surfaces are between 1 and
4 % of the molecular volume. This percentage range is is con-
sistent with previous NEMD simulations using trialkyl phosphates
(4 %),48 while experiments using ZDDPs with different alkyl sub-
stituent showed larger percentages (7-17 %).57

Based on the 2D fits to Equation 1 shown in Figure 10, the ac-
tivation volume is highly temperature-dependant, but there is no
clear trend between the three surfaces due to the relatively large
uncertainties. Previous experimental studies of mechanochem-
ical tribofilm growth have treated the activation volume as a

temperature-independent reaction constant; however, these stud-
ies considered a much smaller temperature range than the present
study.8–10,57,97 In our recent NEMD study of trialkyl phophate
mechanochemical decomposition, we also observed that the the
activation volume increased with increasing temperature.48 This
was partially explained through a reduction in the elastic modu-
lus of the α-Fe(110) slabs. A recent DFT study suggested that the
contribution of the elastic deformation of the surrounding bulk to
the activation volume of mechanochemical reactions can be sig-
nificant and, in some cases, dominant.81 The elastic modulus of
all three surfaces decreases with increasing temperature (Table
S1). Since the activation volume is inversely proportional to the
contact stiffness,81 it is expected that higher temperatures will
lead to lower activation energies, as observed in Figure 10 and
Table S4. However, the increase in the activation volume (up to
350 %) is much larger than the decrease in the stiffness of the
surfaces (up to 10 %) between 400-900 K. Thus, other factors,
such as a decrease in stiffness of the TCP molecules and degra-
dation products, must also contribute to the increased activation
volume at higher temperature.

The activation energy, Ea, is calculated from the slope of the
2D fits of Equation 1 to the rate versus inverse temperature data
shown in the ESI (Figure S7). For TCP decomposition between
the α-Fe(110) surfaces, Ea increases with pressure from 20.6 ±
5.5 kJ mol1 at 1 GPa to 24.0 ± 6.5 kJ mol−1 at 5 GPa. For the
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Fig. 11 Kinetic compensation effect between the activation energy and
pre-exponential factor for Iron, Iron Carbide, and Iron Oxide

Fe3C(010) surfaces, Ea also increases from 19.7 ± 6.1 kJ mol−1

at 1 GPa to 24.3 ± 7.5 kJ mol−1 at 5 GPa. For the Fe3O4(100)
surfaces, Ea again increases from 10.2 ± 7.2 kJ mol−1 at 1 GPa
to 19.5 ± 3.63 kJ mol−1 at 5 GPa. A previous experimental study
suggested that the thermal activation energy for TCP decomposi-
tion on stainless steel is approximately 60 kJ mol−1.47 Thus, the
activation energy values are considerably underpredicted in our
simulations compared to experiments, which is probably due to
the chromium-rich oxide layer formed on the surface of stainless
steel in experiments,98 which is known to be much less reactive
towards TCP than iron oxides33,34,99 as used in our NEMD simu-
lations. Thus, the chromium oxide surface formed on stainless
steel is expected to reduce the activation energy by a smaller
amount than the iron oxides formed on conventional bearing
steel.

The pre-exponential factor, A, is calculated from the intercept
of the fits of Equation 1 to the rate versus inverse temperature
data shown in the ESI (Figure S7). This is often expressed as A
= Zρ, where Z is the frequency or collision factor, and ρ is the
steric factor. The steric factor represents the fraction of successful
collisions and is usually less than unity.100 For TCP molecules
between the α-Fe(110) surfaces, ln(A) increases with pressure
from 25.4 ± 3.2 at 1 GPa and to 28.1 ± 3.86 at 5 GPa. For the
Fe3C(010) surfaces, ln(A) increases from 25.4 ± 3.6 at 1 GPa to
27.8 ± 4.7 at 5 GPa, while it increases from 22.6 ± 4.5 to 25.6 ±
2.1 for the Fe3O4(100) surfaces. The low-pressure values are in
good agreement with previous estimates of the pre-exponential
factor for the thermal decomposition of TCP on stainless steel at
atmospheric pressure, ln(A) = 22.7.47

Figure 11 shows the variation of ln(A) with Ea from the 2D fits
to the rate versus temperature data. The concurrent increase in
Ea with ln(A), which is known as the kinetic compensation ef-
fect, is often observed in heterogeneously catalysed processes.87

Previous studies using ReaxFF to study the mechanochemical be-
haviours of trialkyl phosphates have also observed such an ef-
fect.48 The presence of a compensation effect suggests that the
changes in these parameters may have a mathematical rather
than physical origin and does not necessarily indicate any changes
to the reaction pathway.101

Transition state theory102 predicts a pre-exponential factor of
about 1013 s−1 for first-order reactions, while experimental pre-
exponential factors for surface reactions vary from 1010-1016

s−1.103 Some previous mechanochemistry studies have used a
constant pre-exponential factor of 1013 s−1 to determine the ac-
tivation energy. If a constant pre-exponential factor of 1013 s−1

(ln(A) = 30) is used for all three surfaces (horizontal red dashed
line in Figure 11,8 the activation energies of TCP decomposition
for the three surfaces from the 2D fits increase in the order α-
Fe(110) ∼ Fe3C(010) < Fe3O4(001). Thus, the more reactive
surfaces towards TCP give lower activation energies, which is
consistent with previous experiments of α-pinene tribopolymeri-
sation.18

3.7 3D Fits

Surface Ea (kJ mol−1) ln(A) (s−1) ∆V* (Å3)
α-Fe(110) 21.3±2.8 27.0±2.0 12.3±3.3
Fe3C(010) 22.1±2.6 26.2±1.7 10.2±2.6
Fe3O4(100) 11.2±1.7 24.3±1.8 8.1±4.4

Table 1 Calculated values of the activation energy, Ea, natural logarithm
of the pre-exponential factor, ln(A), and activation volume, ∆V ∗, for TCP
between α-Fe(110), Fe3C(010) and Fe3O4(100) surfaces from the 3D
fits to Equation 1. The parameter ranges represent the 95 % confidence
intervals from the 3D fits.

To investigate the combined influence of temperature and
stress on reactivity, the decomposition rate data was also plotted
as a 3D surface and fitted to Equation 1. This approach provided
significantly reduced uncertainties in the activation volume, ac-
tivation energy, and pre-exponential factor compared to 2D fits
in our previous NEMD study of trialkyl phosphate mechanochem-
istry.48 To avoid biasing the 3D fits towards the higher decompo-
sition rates, fits to the logarithm of the rate were employed.48 The
3D fits for α-Fe(110), Fe3C(010) and Fe3O4(100) are presented
in Figures 12a), b), and c), respectively. Using the 3D surfaces,
we calculated ∆V ∗, Ea, and A values across the entire range of
temperatures and pressures studied, as shown in Table 1. Unlike
the 2D plots, the 3D fitting method did not capture the changes
in the parameters with temperature and pressure. However, com-
pared to the 2D fits, the 3D fits led to reduced uncertainties in
all three parameters in the Bell model,48 as shown in the ESI
(Figures S8, S9, and S10). The 3D fits suggest that the activa-
tion energy increases in the order: Fe3O4(100) < Fe3C(010) ∼
α-Fe(110), which is opposite to that expected from the relative
reactivity of the surfaces. The smaller energy barrier for the less
reactive oxide surfaces may be due to the availability of oxygen
atoms to promote P-O dissociation through nucleophilic substi-
tution reactions at the phosphorus atoms. On the other hand,
the pre-exponential factor is also much smaller for the iron ox-
ide surface, suggesting that the fraction of successful collisions
is also much lower. This may be due to the decreased availabil-
ity of iron atoms at the surface, which are essential to promot-
ing the dissociation reactions. Moreover, the ∆V ∗ values increase
in the order: Fe3O4(100) < Fe3C(010) < α-Fe(110), suggesting
that the more reactive surfaces lead to an increased shear stress
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(a) Iron (b) Iron Carbide (c) Iron Oxide

Fig. 12 3D fits of TCP decomposition rate as a function of temperature and shear stress for a) α-Fe(110), b) Fe3C(010) and c) Fe3O4(100) surfaces.

dependence of the reactivity. The larger activation volume for
α-Fe(110) than Fe3C(010) and particularly Fe3O4(100) could be
because the more reactive surfaces anchor the TCP molecules,
leading to more efficient transmission of stress from the surfaces
to the molecules, as suggested from previous NEMD simulations
of different systems.20,21 This observation contrasts with previous
experiments α-pinene tribopolymerisation on a range of surfaces,
which showed that surfaces that promoted α-pinene chemisorp-
tion (e.g. copper oxide) gave a smaller activation volume for
the mechanochemical reaction than the ones only capable of ph-
ysisorption (e.g. silicon oxide).18 Another factor contributing to
the difference in activation volumes between the three surfaces
could be the contact stiffness.48,81 In our NEMD simulations, at a
given temperature, the stiffness of the three surfaces is quite sim-
ilar (within 10 %), as shown in the ESI (Table S1). At most tem-
peratures, the contact stiffness increases in the order Fe3C(010)
< α-Fe(110) < Fe3O4(100). Since the activation volume is ex-
pected to be inversely proportional to the contact stiffness,81 the
increased stiffness of the Fe3O4(100) surface may also contribute
to its smaller activation volume compared to the other two sur-
faces. However, the differences in contact stiffness probably play
a secondary role compared to the adsorption strength in deter-
mining the variation in activation volume between the three sur-
faces.

4 Conclusions
We have studied the mechanochemical decomposition of TCP
molecules confined between atomically-smooth iron, iron car-
bide, and iron oxide surfaces using NEMD simulations with
ReaxFF. The iron surfaces are more effective in promoting TCP
decomposition compared to iron carbide and particularly iron ox-
ide surfaces, which correlates with the increase in Fe-C bonding
between the molecules and the surface, as well as the surface en-
ergy. The decomposition of TCP initially proceeds through P-O
bond dissociation for all of the surfaces to form cresol molecules.
In some cases, a subsequent C-O bond dissociation in the cresol
molecule led to the formation of toluene. We also investigate
the early stages of polyphosphate tribofilm growth. Despite the
fact that P-O bond formation is accelerated on the more reac-

tive surfaces, the rate of P-O bond cleavage is also increased by
a similar amount, meaning that the total number of P-O bonds
is comparable between the three surfaces. The polyphosphate
chain length is also similar between the surfaces, with a skew
in the distribution to higher chain lengths (up to octomers) for
the more reactive iron surfaces. The rate of TCP decomposition
increases exponentially with temperature and shear stress, indi-
cating that this is a SATA process. 3D fits to the Bell model lead
to activation energies and pre-exponential factors both increas-
ing in the order: Fe3O4(100) < Fe3C(010) ∼ α-Fe(110). This
implies that, although the energy barrier is smaller for the less
reactive oxide surfaces, the fraction of successful collisions is also
much lower. This trend may be due to the decreased availability
of iron atoms on the surface, which are essential to promoting
the decomposition reactions. The activation volume increases in
the order: Fe3O4(100) < Fe3C(010) < α-Fe(110), which sug-
gests that higher surface energy causes the TCP molecules to be
anchored to the surface, leading to more efficient transmission of
shear stress. An additional contribution to the larger activation
energy for α-Fe(110) surfaces could be the reduced contact stiff-
ness. We have shown that surface chemistry plays a central role in
the mechanochemical decomposition of an industrially important
lubricant additive. The differences between the three ferrous sur-
faces can be rationalised through parameters from the Bell model.
Future simulations could consider the impact of heterogeneous
surfaces, such as steel on mechanochemical reactions. Experi-
ments could consider using more controllable surfaces, such as
specific iron oxides, for optimal comparison with molecular sim-
ulations of nanoscale contacts.
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