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ABSTRACT: Iron sulfide films are present in many
applications, including lubricated interfaces where protective
films are formed through the reactions of lubricant additive
molecules with steel surfaces during operation. Such films are
critical to the efficiency and useful lifetime of moving
components. However, the mechanisms by which films form
are still poorly understood because the reactions occur between
two surfaces and so cannot be directly probed experimentally.
To address this, we explore the thermal contribution to film
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formation of di-tert-butyl disulfide—an important extreme pressure additive—on an Fe(100) surface using reactive molecular
dynamics simulations, where the reactive potential parameters are validated by comparison to ab initio calculations. The
reaction pathway leading to the formation of iron sulfide surfaces is characterized using the reactive simulations. Then, the film
formation process is mimicked by simulations where di-tert-butyl disulfide molecules are cyclically added to the surface and
subjected to temperatures comparable to those expected due to frictional heating. The use of a reactive empirical potential is a

novel approach to modeling the iterative nature of thermal film growth with realistic lubricant additive molecules.

B INTRODUCTION

Iron sulfide films are used in a variety of applications including
solar energy, water treatment, corrosion, and tribology.1 In the
field of tribology, sulfur-containing molecules are additives in
lubricant formulations, where they react, typically with steel,
during operation to form protective films.” However, the
mechanisms by which these important films form are poorly
understood because they arise within a sliding contact that
cannot be directly probed experimentally. It has been proposed
that such films form when the additive molecules thermally
decompose as the temperature increases (on the order of
~1000 K) in sliding interfaces.” More recent studies confirmed
that shear is necessary to drive the formation of protective
films in some sulfur-containing additives® and that reaction
kinetics are different for thermal vs shear-driven films.’ In
practice, it is likely that both thermal and shear effects
contribute to film formation in sliding interfaces. Here, we
explore the reactions leading to the formation of a thermal film,
with the overall goal of both understanding the thermal film
growth on its own, as well as using this information later to
contrast the thermal reaction pathway with that driven by
shear. We specifically focus on sulfidic films grown on iron,
where iron is used as opposed to the more application-relevant
steel because the composition and surface structure of iron are
better defined.

Early work that studied films from sulfur and iron used
macroscale tools to measure friction and wear of organic
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disufides in oil and then analyzed the composition of the
resulting films with post-test characterization such as X-ray
photoelectron spectroscopy. Such studies revealed that the
friction and/or wear reduction as well as film composition
were dependent on the sliding conditions, specifically pressure
and temperature, and on the chemical structure of the sulfur
compounds.®™"” More recent studies applied additional surface
characterization techniques, such as X-ray absorption near
edge structure and atomic force microscopy, and revealed
differences between the compositions of films formed during
sliding and those of thermo-oxidative films."'~'* The challenge
with extracting information about reaction pathways from the
above studies is the complexity of the system, which contains
not only the sulfur compound and iron but also base oil and
sometimes other additives. As an alternative, it has been shown
that the liquid phase lubrication in boundary conditions can be
simulated by gaseous species having the same chemical
functions as the lubricant additive, which provides a means
of isolating the reactions of interest.'* This approach was
implemented in experiments with only sulfide molecules (i.e.,
no oil) on iron foils in vacuum or ultrahigh vacuum where film
growth rates were obtained using a microbalance, and the
composition of the film was characterized using various
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techniques. Such studies explored the reaction rates and film
compositions of dimethyl disulfide,”'* carbon disulfide,'® and
diethyl disulfide”® on iron. These studies showed that the
reaction rate varied with temperature and pressure, and
analyses suggested that the trends could be explained by a
two-stage film formation process where the reaction initially
slows due to the formation of a saturated sulfur layer but then
resumes at higher temperatures as sulfur diffuses into the
substrate.

Experimental studies have been complemented by molecular
dynamics (MD) simulations, mostly focused on self-assembled
monolayers. Previous simulation work dealing with alkane-
thiols has been primarily carried out on ideal gold or copper
surfaces.”” > There are, however, select simulation studies
with sulfur-containing molecules and iron surfaces, both
investigating corrosion inhibitors on Fe(110). Specifically,
simulations were used to explore the adsorption behavior of
three thiazole derivatives in sulfuric acid solution’' and the
packing of a self-assembled 2-mercapto-5-methyl-1,3,4-thiadia-
zole film.”* Both of these studies used classical MD with the
nonreactive COMPASS force field.”

Although classical MD can provide insight into the behavior
of sulfur-based films, connectivity between atoms is predefined
in such simulations, so they cannot capture the formation of
films through covalent bonding with a surface. The most
accurate way to model the formation and breaking of covalent
bonds is by the use of first-principles quantum calculations.
However, this approach is often too computationally intensive
to model the full dynamic evolution of a system. The
alternative is a reactive potential, which uses a bond order to
implicitly describe chemical bonding.”* Reactive potentials
have been used to model hydrocarbon film growth via
deposition of ethylene and acetylene on diamond™~*’ and
acetylene on Ag(111).”* One of the most commonly used
reactive potentials, and the one used in this study because of
the availability of parameters for the atoms in our system, is
ReaxFF.”

ReaxFF parameters have been developed to model the
reaction of thiol molecules with surfaces including gold**~**
and copper.”® ReaxFF has also been used to model Fischer—
Tropsch synthesis, with parameters developed to describe the
interactions of iron or iron carbide surfaces with hydrogen and
carbon monoxide.**"*° One ReaxFF parameter set has also
been developed that includes both sulfur and iron,”” albeit not
specifically for reactions between organic sulfur compounds
and iron. Although the parameters were originally developed to
model pyrite (FeS,), here, we demonstrate that it can also
capture the adsorption of di-tert-butyl disulfide molecules and
radicals derived from them on iron surfaces.

As summarized above, experimental techniques have been
used to investigate the reaction rates and compositions of films
grown on iron with simple sulfur-containing molecules in the
gas phase. However, such experiments are limited to model
molecules, i.e., not actual additives, and do not directly provide
information about reaction pathways at the atomic scale.
Simulations are ideally suited to address this limitation, but,
typically, they are based on an assumed surface film
morphology and coverage. This assumption has been made
because standard, nonreactive interaction potentials are unable
to reproduce the chemical processes of film formation, while
the time necessary to treat the entire film formation using the
much more time-consuming reactive potentials may exceed the
available computational capabilities. While reactive simulations

have begun to be utilized to model film growth, none yet have
been applied to study the interactions of sulfur-containing
molecules on iron.

In this work, to address the gap identified above, we explore
the thermal film formation process of di-tert-butyl disulfide on
iron by using reactive MD. Di-tert-butyl disulfide is an extreme
pressure additive that is commonly used in applied interfacial
systems and is well-studied experimentally.”® The applicability
of the reactive potential for this model system is justified by the
comparison of adsorption energies and distances to ab initio
calculations. Then, reactive MD simulations of di-tert-butyl
disulfide on an Fe(100) surface are run at temperatures
representative of flash temperatures expected in sliding
contacts.” We initially analyze the dynamics of individual di-
tert-butyl disulfide molecules on the iron surface to character-
ize the reaction pathway, including decomposition and
chemisorption of the molecule. The rate limiting step in this
process is then identified from simulations where the
temperature is ramped up in a stepwise manner. Next, the
initial stages of film growth are explicitly modeled. While we
omit a base oil solvent for the sake of simplicity, we mimic the
iterative nature of such film formation by introducing the
molecules in several “waves” so that each group of molecules
has sufficient time to undergo the necessary reactions to
chemisorb to the surface. This approach represents the next
step toward modeling dynamic thermal film growth with real,
application-relevant molecules by the use of a reactive
potential. It is applied here to describe the film formed by
the interaction of di-tert-butyl disulfide with iron but can be
applied subsequently to explore the growth of other films on a
variety of surfaces.

B EXPERIMENTAL SECTION

Density Functional Theory. Spin-polarized density functional
theory (DFT) calculations were performed by using the Vienna Ab-
Initio Simulation Package (VASP).>’~** To describe the interaction
between the core and the valence electrons, the projector augmented
wave (PAW)*® method was applied. van der Waals (vdW)
interactions were considered in the calculations via the optimized
Becke86*® van der Waals (optB86b-vdw)*”* exchange—correlation
functional.

The calculation parameters were converged with respect to the
total energy within 1 meV. For relaxations, a tight convergence
criterion of 107° €V on the total energy in the self-consistency cycle
was used, while for static calculations, a value of 107 eV was applied.
In both cases, a cutoff energy of 600 eV was selected for the plane-
wave basis set. The k-space integrations were performed using a 2 X 2
X 1 Monkhorst—Pack mesh,*”*° static calculations employed the
tetrahedron method with Blochl corrections, and relaxations featured
Gaussian smearing with a width of 0.05 eV. A conjugate gradient
algorithm was used to carry out the relaxations during which the
atomic nuclei were displaced while keeping the shape and volume of
the cell constant until all forces were smaller than 0.1 eV/nm.

To model adsorption under the DFT framework, a supercell was
constructed consisting of an iron surface and either a di-tert-butyl
disulfide molecule or a tert-butyl thiyl radical derived from it. The
geometry of the molecule was optimized by performing a relaxation of
the isolated molecule in a cubic box of 1.2 nm side length, keeping the
relaxation parameters consistent with the rest of the calculations. For
the iron surface, two adsorption surfaces, Fe(110) and Fe(100), were
considered in this study. To model these surfaces, orthogonal (4 X 6)
and (4 X 4) surface slabs of four atomic layers of bcc Fe were
constructed by using a lattice constant of 0.287 nm. The resulting slab
surface areas of 1.148 X 1.218 nm and 1.148 X 1.118 nm reduced the
effect of the interaction between the adsorbed molecule and its mirror
image on the total energy to less than 1 meV/atom. To avoid slab—
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slab interactions, a vacuum space of 2.1 nm was introduced to the
supercell. Dipole corrections were applied to compensate for the
artificial electrostatic potential introduced by the periodic boundary
conditions in the supercell approximation. The resulting slabs were
relaxed to obtain the initial surface geometries used in the adsorption
calculations. During these relaxations, the atoms of the lowest layer
were kept fixed at the bulk-like positions, while the rest of the atoms
were allowed to move in all directions. The di-tert-butyl disulfide
molecule or the tert-butyl thiyl radical was placed on top of the
surface, followed by a relaxation. For each relaxed system, a static
calculation with higher accuracy was carried out to determine the total
energy. The relaxed structures on the (100) surface are shown in
Figure 1.

Ay

mtx;\

(a) Model 1: di-tert-butyl (b) Model 2: di-tert-butyl
disulfide — vertical disulfide — horizontal

O
d) Model 4: tert-butyl thiyl

Model 3: tert-butyl thiyl
- sulfur up — sulfur down

22

Figure 1. Equilibrium geometries from DFT for the four adsorption
configurations on an Fe(100) surface. Atoms of Fe are brown, S are
yellow, C are gray, and H are white.

Molecular Dynamics Simulations. The MD model consisted of
di-tert-butyl disulfide molecules interacting with bcc iron. Initial
atomic configurations were created in Virtual Nano Lab (VNL), st
with di-tert-butyl disulfide atom coordinates downloaded from
Pubchem.” Minimization and dynamics simulations were performed
with the LAMMPS®? 51mulat10n package. All atomic interactions were
modeled by using ReaxFF*’ with a parameter set from Shin et al.’’
Visual analysis of the simulations was done using the OVITO>*
visualization package.

The lateral boundaries of the simulation box were periodic, while in
the direction normal to the surface they were kept fixed at a height
that varied depending on the position of the atoms in the system. In
dynamics simulations, the time step was 0.25 fs. During these
simulations, the three bottom layers of iron atoms were fixed in space,
the two central layers of iron were temperature controlled using a
Langevin thermostat with a damping factor of 0.025 ps, and
Newtonian dynamics were applied to the top three layers of iron as
well as the di-tert-butyl disulfide molecules. Because of the system size
and the small expected temperature gradients, it was not deemed

necessary to implement an electron—phonon coupling scheme to
better reproduce the thermal conductivity of iron.”

Three types of reactive simulations were performed to (i) calculate
the adsorption energy and compare it to DFT results, (ii) characterize
the reaction pathway and identify the rate limiting step in that
reaction, and (iii) model the growth of a thermal film by cyclic
addition of di-tert-butyl disulfide molecules.

Adsorption Energy Calculation. To ensure that the ReaxFF
parameter set used here is applicable to the system being modeled, we
first compared adsorption energies and distances to those calculated
from DFT. The atom positions from the model systems in the DFT
calculations (Figure 1) were imported into LAMMPS. This included
di-tert-butyl disulfide in two different orientations and the tert-butyl
thiyl radical in two different orientations, on both the (100) and
(110) surfaces of iron. In both cases, the model dimensions were the
same as those in the DFT calculations. As discussed later, only the
(100) surface was used in subsequent dynamics simulations but both
were evaluated here to better test the potential. Systems containing
(a) only the molecule/radical, (b) only the iron slab, and (c) the
molecule/radical on the iron slab were constructed. Each system was
minimized with ReaxFF by using the conjugate gradient algorithm.

Reaction Pathway Characterization. For the reaction pathway
simulations, 18 di-tert-butyl disulfide molecules with random
orientations were placed approximately 0.5 nm above the Fe(100)
slab. The slab consisted of 1152 atoms and was 3.44 X 3.44 X 1.14
nm in the x, y, and z directions, respectively (see upper left inset in
Figure 2). The model was energy minimized, then dynamics were run,
first at 300 K for 0.2 ns and then ramped up to 900 K over 100 ps.
This high temperature was chosen both to accelerate the chemical
reactions as well as to be consistent with the temperature range
expected for a thermal film that occurs in a sliding interface.” The
trajectory and bonding state of individual atoms were analyzed to
characterize the reaction pathway.’®*” Then, to isolate the rate
limiting step, the simulation was repeated but with the temperature
ramped up from 300 to 900 K at 100 K increments, with the system
held at each temperature for 150 ps. Throughout these simulations,
the bond order of each atom was calculated by the ReaxFF potential
and recorded. A Python script was written to count the number of
bonds between different atom types, where a bond order of 0.3 or
more was considered to be a covalent bond.

Film Growth Protocol. The initial model described above was also
used as the starting point of the thermal film growth simulations. One
cycle of the process is shown in Figure 2. After the addition of the di-
tert-butyl disulfide molecules at 0.2 nm above the Fe(100) surface, the
simulation was run at 300 K for 275 ps. The temperature was then
increased linearly to 900 K over 100 ps and held at the final
temperature for 245 ps. During the temperature ramp and the
constant high temperature simulation, some molecule fragments
detached from the surface. To limit how far the atoms in these
fragments could travel, a repulsive wall was placed above the surface.”®
At the end of the high-temperature equilibration, any molecules or
radicals not bonded to the surface were removed from the model.
This was done to mimic the diffusion of molecules or radicals into a
much larger reservoir of lubricant, as would be the case in a real
lubricated contact. Then, the system was cooled linearly to 300 K over
100 ps. These steps (1—1 through 1—4 in Figure 2) represent the first
cycle of the film growth process. The next cycle began by the addition
of a second set of 18 di-tert-butyl disulfide molecules at 0.9 nm above
the surface, then the process started again at step 2—1. The procedure
described above for the second cycle was carried out three times, for a
total of four cycles of thermal film growth. While we did not explicitly
model base oil solvent for simplicity, the approach described above
approximates the iterative nature of film formation in a lubricated
interface by introducing the molecules in several “waves”, so that each
group of molecules has sufficient time to undergo the necessary
reactions to chemisorb to the surface.
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Figure 2. Simulation protocol for iteratively growing a thermal film of di-tert-butyl disulfide on an iron surface. The insets show perspective view
snapshots of the simulation at points corresponding to the numbers in the plot of temperature vs time, where labels indicate cycle—stage, e.g., 1-2
corresponds to the second stage of the first cycle. Sphere colors are brown for iron, yellow for sulfur, gray for carbon and white for hydrogen.

B RESULTS AND DISCUSSION

Validation of the Empirical Model. MD simulations
were performed with a ReaxFF parameter set that included
both sulfur and iron’” but was not developed specifically for
the model system we are studying here. Therefore, we first
confirmed the applicability of this parameter set for model
interactions of di-tert-butyl disulfide and iron by comparing
adsorption energies obtained from the force field to those
calculated by using DFT. In both the ReaxFF and DFT
calculations, the energies of the molecule/radical, iron slab,
and molecule/radical adsorbed on the slab were used to obtain
the adsorption energy according to the equation

_ 1+F 1 F
Eads - Etlgto ‘- (Etr(?to + Etoi (l)

where ERFe js the total energy of the products adsorbed on
the Fe slab at the equilibrium distance, Ef5, is the total energy
of the clean Fe slab, and E' is the total energy of the isolated
gas-phase disulfide molecule or thiyl radical.

The results are shown in Tables 1 and 2 for the (110) and
(100) surfaces, respectively, where the model numbers refer to
the configurations shown in Figure 1. The adsorption energies
obtained from ReaxFF are comparable to those calculated from
DFT in most cases. The agreement is particularly good for the
Fe(100) surface for which the difference between DFT and

Table 1. Comparison of Equilibrium Distances and
Adsorption Geometries Calculated with DFT and ReaxFF
for the Systems with an Fe(110) Surface

equilibrium distance (nm) adsorption energy (eV)

system DFT ReaxFF DET ReaxFF
model 1 0.22 0.20 —-0.40 —-0.80
model 2 0.15 0.17 =521 -3.93
model 3 0.20 0.18 0.11 —-0.66
model 4 0.15 0.16 —4.34 —3.26

Table 2. Comparison of Equilibrium Distances and
Adsorption Geometries Calculated with DFT and ReaxFF
for the Systems with an Fe(100) Surface

equilibrium distance (nm) adsorption energy (eV)

system DFT ReaxFF DFT ReaxFF
model 1 0.19 0.18 -0.39 —0.94
model 2 0.13 0.11 =575 —6.60
model 3 0.18 0.18 —0.72 —0.56
model 4 0.12 0.10 —4.48 —4.23

ReaxFF energies is less than 1 eV for all model configurations.
The equilibrium distance is defined as the perpendicular
distance between the two closest atoms, one belonging to the
slab and the other to the molecule or radical. All equilibrium
distances are in good agreement, with a maximum difference
between DFT and ReaxFF of 0.02 nm. On the basis of the
above analysis, we used the (100) surface for all subsequent
MD simulations.

Reaction Pathway for Iron Sulfide Formation. ReaxFF
simulations were initially run at 300 K for 0.2 ns and then
ramped up to 900 K to accelerate the chemical reactions. The
movement and bonding of individual molecules was tracked to
analyze the reaction pathway. A representative case is shown in
Figure 3. We observe that the sulfur—sulfur (S—S) bond breaks
soon after the molecule approaches the surface. Note that this
bond does not break if the molecule is far from the surface,
indicating that interactions with the iron caused a weakening of
the S—S bond. This is followed by the formation of covalent
bonds between sulfur and iron. Finally, the sulfur—carbon (S—
C) bond breaks, and a tert-butyl group is released. This
reaction pathway was observed for multiple initial orientations
of the di-tert-butyl disulfide relative to the surface. Further, a
second set of simulations was run with a time step of 0.1 fs, and
the same reaction pathway was observed. This general reaction
path—in which the S—S bond breaks, the sulfur atoms bond
with the iron surface, and two tert-butyl radicals are released—
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Figure 3. Snapshots from the simulation illustrating the reaction pathway for a representative di-tert-butyl disulfide. To highlight the atoms of
interest, iron atoms are shown as partially transparent and all other atoms not involved in the reaction are shown in stick representation. Images (a)
through (e) correspond to the 300 K stage of the simulation, and (f) was taken from the simulation after the temperature increase to 900 K. The
snapshots illustrate the reaction pathway consisting of (a) a di-tert-butyl disulfide molecule approaching the surface, (b) breaking of the sulfur—
sulfur bond, (c)—(e) formation of sulfur—iron bonds, and (f) breaking of the carbon—sulfur bond and release of a tert-butyl group, where only one
of the two sulfur atoms that chemisorbed from this di-tert-butyl disulfide molecule is highlighted. The stick/sphere colors are the same as in Figure
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Figure 4. Temperature dependence of the three key steps in the reaction: (a) breaking of the S—S bond in the di-tert-butyl disulfide, quantified by
the number of S—S bonds; (b) chemical bonding with the surface, quantified by the number of S atoms bonded to the surface; and (c) release of
tert-butyl groups, quantified by the number of detached tert-butyl groups in the simulation.

is consistent with what has been previously proposed for
dimethyl and diethyl disulfide on iron based on experimental
measurements.’

Three key steps can be identified in the reaction described
above: breaking of the S—S bond, formation of the iron—sulfur
(Fe—S) bond, and release of a tert-butyl group via breaking of
the S—C bond. Previous work has shown that the S—S bond in
disulfides is weak (bond dissociation energies of ~65 kcal/mol
for dialkyldisulfides and ~50 kcal/mol for diaryldisulfides)
compared to the S—C bond (~73 kcal/mol in dimethylsulfide
and ~77 kcal/mol in diethylsulfide).”® This indicates that the
S—S bond should break at lower temperatures than the S—C
bond, so the release of the tert-butyl group is likely to be the
rate limiting step in the reaction.

To confirm that our simulation reproduces this expectation,
we performed simulations in which the temperature was
ramped up from 300 to 900 K at 100 K increments, as
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illustrated in Figure 4. Figure 4a shows that the S—S bonds
start breaking at room temperature and are broken in all di-
tert-butyl disulfide molecules before the temperature reaches
500 K. The formation of Fe—S bonds occurs somewhat more
slowly (Figure 4b), with almost all of the S atoms in the system
bonded with the Fe by the time the temperature reaches 800
K. However, the slowest reaction is clearly the breaking of the
S—C bond, which, as shown in Figure 4c, does not start
happening until the temperature reaches 700 K, and only
~20% of the tert-butyl groups have been released by the end of
the temperature plateau at 800 K. Increasing the temperature
to 900 K finally pushes the fraction of detached tert-butyl
groups beyond 70%. The observation from our simulations
that organic moieties are not easily released from the surface is
consistent with the presence of carbon in experimental thermal
films.” In general, a comparison of the temperatures at which
each reaction occurs indicates that, as expected, the release of
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Figure S. (a) Sulfur coverage on the iron surface and model temperature during four cycles of the film growth protocol. (b) Top view snapshots of
the model after each of the four cycles. Only the topmost Fe atoms and S atoms or tert-butyl thiyl radicals bonded to the surface are shown. S atoms
that bonded to the surface during a given cycle are shown in red while those that bonded to the surface in a previous cycle are shown in yellow.

the tert-butyl group through breaking of the S—C bond is the
rate liming step in the reaction of di-tert-butyl disulfide with an
iron surface.

Modeling Thermal Film Growth. The film growth
protocol illustrated in Figure 2 was run four times. Throughout
the simulation, the sulfur coverage was calculated from the
number of sulfur atoms covalently bonded to the iron surface
divided by the total number of available bonding sites (in this
case 144). The coverage and actual temperature are shown in
Figure S along with top view snapshots of the surface and
atoms bonded to the surface at the end of each cycle. During
the 300 K stage of the first cycle, we observe that the sulfur
coverage increases rapidly, up to 18%. There are a few
additional bonds formed during the temperature ramp, and
then the coverage remains constant during most of the 900 K
stage of the first cycle. During this time, S—C bonds break,
enabling tert-butyl groups to leave the surface; these radicals
are subsequently removed from the simulation. The reaction
pathway is the same as that described above based on analysis
of individual molecules. Further, we observe that, in most
cases, S atoms from a given di-tert-butyl disulfide molecule
bond with Fe at adjacent sites on the surface. At the end of the
first cycle, the sulfur coverage is at 24%.

The second and third cycles exhibit similar behavior as the
first, with sulfur chemisorption occurring during the 300 K
phase and then tert-butyl removal occurring during the 900 K
phase. However, the rate of increase in coverage with time is
slower each cycle due to the decreasing availability of reaction
sites. An analysis of Figure Sb suggests that film growth after
the first cycle occurs by new sulfur atoms preferentially
adsorbing to those iron atoms that are least saturated by
previously adsorbed sulfur atoms. At the end of the second and
third cycles of tribofilm growth, the surface coverage is 31%
and 37%, respectively. During the fourth cycle, few additional
reactions occurred and the film reached a maximum coverage
of 39%. This is likely near the maximum coverage that can be
achieved within the nanosecond-scale duration of a reactive
MD simulation. Unfortunately, the results cannot be compared
directly to experimental observations of Fe—S film growth over
minutes of reaction time."*'>'® However, the simulations
complement experimental approaches since the simulations
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enable direct observation of individual species involved in
reactions with surfaces and their behavior under various
conditions, providing information about the initial stages of
film formation that is not currently accessible by the use of
even highly resolving surface analytical methods.

To evaluate the friction reducing potential of a fully grown
Fe—S film, we performed some preliminary simulations of
moving a hemispherical Fe(111) tip with a diameter of 1.38
nm over the surface at normal loads ranging from 0.7 to 5.5
nN, equivalent to 0.5 to 3.7 GPa. This was done on a clean
Fe(100) surface and on a surface covered with 144 S atoms,
which translates into 100% coverage. We analyzed the friction-
vs-load behavior, F(L) = uL + F,, where F is the friction force,
u is the coeflicient of friction, L is the normal load, and F, is
the load-independent friction at zero load that is generally
related to adhesion.”” The friction coefficient 4 was reduced by
50% in the system with the Fe—S film, and the dominating
load-independent force F, was reduced by more than 85% of
the value obtained with the clean Fe(100) surface. This led to
an overall reduction of friction force by a factor of
approximately six. The results of this preliminary simulation
are consistent with experimental observations of the benefits of
sulfur on iron surfaces, including more sulfur content leading
to lower wear” and higher seizure load.?

B SUMMARY AND CONCLUSIONS

Films formed by chemical reactions between ferrous surfaces
and di-fert-butyl disulfide—an important extreme pressure
additive, e.g, used in gears—are critical to the efficiency and
useful lifetime of mechanical components with lubricated
interfaces. Here, we modeled the initial steps of the thermal
formation of such a protective film using molecular dynamics
simulations with a reactive empirical potential, validated for the
most relevant interactions by the comparison of adsorption
energies to DFT calculations. The empirical model was used to
identify the reaction pathway leading to iron sulfide: the S—S
bond in the di-tert-butyl disulfide breaks, the S atoms bond to
the Fe(100) surface, and then tert-butyl groups are released.
This observation is consistent with pathways for reactions
between sulfur-containing molecules and iron previously
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proposed based on experimental measurements. Next,
simulations performed at increased temperatures suggested
that the breaking of S—C bonds that enabled fert-butyl radical
release was the rate limiting step of the reaction. With this
understanding of the steps associated with surface reactions,
we implemented a simulation protocol to mimic the process by
which films form in lubricated interfaces where the surfaces are
repeatedly exposed to temperature increases due to sliding.
Using this approach, the onset of the formation of an iron
sulfide film was captured.

Future research efforts specifically focused on di-tert-butyl
disulfide and ferrous surfaces can build on the foundations
established in this work. For example, here we mimicked the
replenishment of the molecules at the surface through
lubricant flow by manually adding new molecules to the
system. However, more complex models can explicitly
incorporate base oil molecules and liquid flow to confirm
that the reactions we observe here are indeed representative of
the precursors of a thermal film in a lubricated interface.
Further, in practice, these films are formed through the
combined effects of frictional heating and mechanical stress.
Future models can incorporate load and/or shear by
introducing an iron counterbody that confines the additive
molecules, as demonstrated by the preliminary simulations of
frictional sliding described in the previous section. Such an
approach can be used to differentiate the effect of temperature
from that of shear in driving chemical reactions. Moreover, the
thermal film growth simulation approach was demonstrated
here with an ideal Fe(100) surface. This choice reflects the
assumption that nascent iron surfaces are exposed as surfaces
slide relative to one another but is a simplified approximation
of the likely surface composition and structure. The approach
demonstrated here can be extended to study the interaction of
di-tert-butyl disulfide (or other additives) with other iron
surfaces or with iron oxide. Lastly, thermal films, both with
sulfur-containing molecules and otherwise, are present and
important in many different applications. Therefore, the
approach demonstrated here can be applied to explore the
initial stages of film formation in a variety of scientific and
engineering fields.
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