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Abstract

Sulfur and phosphorus are key elements for the functionality of lubricant additives used in extreme
pressure applications, as synchronizers systems in cars. To understand their mechanism of action we
combine first principles calculations and gas phase lubrication experiments. The surface spectroscopy
analysis performed in situ after the tribological test indicates that iron sulfide (phosphide) is formed
by rubbing steel-on-steel in the presence of organo-sulfur (—phosphorus) molecules. We, thus, study
the effects of elemental sulfur and phosphorus on interfacial properties of iron by spin-polarized
density functional theory calculations. The results show that both the elements are very effective in
reducing the adhesion and shear strength of iron. Sulfur is predicted to be more effective than
phosphorus, especially at high pressure. Gas phase lubrication experiments confirm these results,
indicating that the friction coefficient of iron-suphide is lower than that of iron-phosphide and both S
and P dramatically reduce the friction of steel-on-steel. These results indicate that the release of
elemental sulfur and phosphorus may be the key mechanism to control the tribological properties of
the metal interface and elucidate that the underling microscopic phenomenon is the metal
passivation.

Published on 05 May 2016. Downloaded by University of Sussex on 05/05/2016 16:56:50.

Introduction

The design of lubricants to decrease friction and wear in machine components is an important way to
increase the energy efficiency of mechanical systems while taking into account restrictive
environmental requirements and technological advances [1]. Lubricants are formulated products
composed of base oil and a package of additives designed for specific performance needs. The
additives can be classified as chemically active, i.e., designed to chemically interact with the surface
and form protective layers, or chemically inert, i.e., with the function of improving the physical
properties of the bulk materials. Most of lubricant additives have a non-polar part, usually consisting
of an hydrocarbon chain, the functionality of which is to solubilize the molecule into the base oil and
a functional polar group that reacts with the surface. Here we consider extreme-pressure (EP) and
anti-wear (AW) additives where the key elements of the functional group are sulfur and phosphorus.
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EP, AW additives are typically used in synchronizer systems [2], which reduce the Speﬁgﬂiofﬁ‘gggfég%ilg%%é

between the shaft and the idler gear [3]. The synchronizing system is a key component of manually
operated vehicle transmissions, as fluent transmission operations have become increasingly
important to drivers in the recent years. Gear oils must perform in conditions and applications that
can vary drastically, therefore they are enriched by additives that protect seals, improve thermal,
oxidative and viscosity stability, provide micropitting resistance, bearing corrosion protection, foam
resistance, enhanced demulsibility and load-carrying capacity. Additives that work in severe
conditions are EP and AW additives [4], their concentration is higher in gear oils, which are enclosed
in gear boxes, than in engine oils [5].

S- and P-based compounds are largely used as EP and AW additives for gear oils [6-8]. EP additives
typically adsorb onto the metal surface either by physical or chemical attraction [9, 10]. Under severe
tribological conditions, they react with the surfaces forming surface films that prevent the welding of
opposing asperities and avoid scuffing that is destructive to sliding surfaces under high loads [11].

The action mechanism of the sulfur-based EP/AW additives was first proposed by Davey et al. [12]
and then refined by Forbes et al. [13]: The sulfur compounds adsorb on an iron surface and under
tribological conditions form inorganic iron sulfide films, which can reduce frictional wear and prevent
seizure. The Fe-S formation under boundary lubrication conditions has been identified in different
studies [14-16]. Recently, Li et al. considered three novel S-containing alkyl phenylboric esters [17,
18]. After the tribotest, the worn surface was investigated by X-ray absorption near edge structure
spectroscopy (XANES) and Fourier transform infra-red (FT-IR) spectroscopy. The surface analysis
confirmed the presence of iron sulfide.

The chemical structure of P-containing additives influences the nature and the tribological
performances of the tribofilm as highlighted in [19-22], where phosphite and phosphate have been
compared. Typically, organic phosphites function as friction-modifiers whereas phosphates as anti-
wear additives. Post mortem analysis of the boundary lubrication film formed on frictional surfaces
showed that an iron phosphate compound is often obtained from phosphates [15, 22-24]. First, the
organic phosphate molecule adsorbs on the iron substrate and then, iron phosphate is formed due to
thermal/mechanical decomposition [26-31], but also due to hydrolysis [23, 25]. The formation of iron
phosphate as a boundary lubrication film that prevents wear-out has been observed with steel ball-
on-disc tribotest followed by X-ray photoelectron spectroscopy (XPS) [33]. Philippon et al. have
proposed a decomposition mechanism of a model EP additive, trimethyl-phosphite (TMPi), on
nascent iron surface [34] that leads to the formation of iron phosphide film under tribological
condition [35-37].

Such decomposition mechanism has been studied by first principle calculations and the reaction
paths and energy barriers for P release from the TMPi molecule have been provided [31]. Then, the
functionality of elemental phosphorus in reducing friction of iron-based interfaces has been
elucidated. It has, in fact, been shown that the work of separation and shear strength of iron
interface dramatically decreases by increasing the phosphorus concentration at the interface [20].
These studies confirmed that first-principle calculations are able to provide an accurate description of
the surface chemistry and interfacial properties, which is relevant for understanding the functionality
of lubricant additives, since probing tribochemistry processes in real-time by experiments is still
extremely challenging [38-42].
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Here, we investigate the surface chemistry and its effects on interfacial properties of ir88|;iﬁtfo€%%vsg§;l§7%%§
terminated either by sulfur or phosphorus elements and compare the results with experimental
analysis. As mentioned above, the tribological performance of EP/AW additives containing S and P
elements is linked to their release at the surface and to the formation of iron sulfide/phosphide
tribofilms. In the present work, it is therefore assumed that additives are already decomposed under
tribological conditions and only S and P elements are considered at the iron interface. Gas phase
lubrication (GPL) experiments with in situ surface analysis are carried out in the presence of S- and P-
containing molecules to analyze the macroscopic tribological behavior and identify the tribofilm
chemistry. This study confirms that the combination of first principles calculations and experimental
simulations offers one of the unique capabilities for investigating boundary lubricated interfaces,

gaining insight into the friction reduction mechanism of EP/AW lubricant additives.

. Systems and methods

We perform spin-polarized density functional theory (DFT) calculations [43], using the Perdew,
Burke, Ernzerhof (PBE) parameterization for the exchange correlation functional [44]. The electronic
wave functions are expanded in plane-waves with kinetic energy cut-off of 30 Ry (240 Ry for the
charge density). The Brillouin zone of the (1x1) cell is sampled with a 8x8 Monckhorst Pack grid [45],
equivalent samplings are realized for larger cells. To model an interface we use super cells with
vertical axis 28 A long containing two slabs of Fe three layers thick.

In order to construct the interface in a realistic way, we first study adatom adsorption on the Fe(110)
surface and identify the most favorable adsorption site and coverage for both P and S elements.
Then, we model the interfaces by self-mating the S- or P- terminated surfaces with the adatom
arrangement identified as the most stable one.

The work of separation, which is defined as the energy per unit area required to separate two
surfaces from contact, is calculated as Wsep = (Einterf - Esurf1 - Esurf2) /A, where Einers is the total energy of

Published on 05 May 2016. Downloaded by University of Sussex on 05/05/2016 16:56:50.

the system containing the two surfaces in contact, Eq,f, is the energy of the isolated surfaces, A is
the surface area. In the present work we consider interfaces composed of identical surfaces,
therefore Egurf1 = Esurfo.

Frictional forces arise during the displacement of one surface relative to another because the
interaction energy between the two surfaces varies with their relative lateral position. This energy
variation can be described as a potential energy surface (PES) with minima and maxima. The minima
correspond to the relative positions where the surface adhere in the optimal way, for example, by
establishing chemical bonds across the interface. The maxima of the PES correspond to relative
positions where these bonds are stretched or eventually broken, therefore to displace one surface
with respect to the other the energy to climb the PES maxima (or PES saddle points) should be
provided to the system. The energy difference between the maxima and the minima is usually
referred to as the PES corrugation. It corresponds to the maximum amount of energy that can be
dissipated by frictional mechanisms, such as the excitation of phonons or the activation of chemical
reactions that can modify the surface structure and composition. The PESes for the interfaces
considered in the present study are constructed by calculating the adhesion energy for 7 different
relative lateral positions and then interpolating. The calculations are performed both at zero and 10


http://dx.doi.org/10.1039/c6ra07545b

Published on 05 May 2016. Downloaded by University of Sussex on 05/05/2016 16:56:50.

RSC Advances

Page 4 of 14

. - . . - e Oniine
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directions are then obtained by mathematical derivation of the PES profile along that directions [46].
The ideal interfacial shear strength is obtained by dividing the highest resistance force, f, along each
considered direction by the contact area: t = f /A. T represents the intrinsic resistance to sliding of a
given interface. By comparing the shear strengths of different interfaces it is possible to understand
which of them can be more easily set into sliding motion.

1. Gas phase lubrication (GPL) with in situ surface analysis

Tribochemical reactions of phosphite and polysulphide additives on steel surfaces are investigated
using a specific Environmentally Controlled Analytical Tribometer (ECAT) dedicated to GPL [16,20,47].
This specific device is composed of a reciprocating pin-on-flat tribometer with a movable pin being
connected to a brushless motor located in a Ultra High Vacuum (UHV) chamber. The temperature of
the friction pair can be controlled from -100°C to 600°C thanks to the flat holder equipped with both
a nitrogen cooling and a heating system. The normal and tangential forces can be accurately
measured thanks to optical sensors. With this GPL approach, the lubricant additives can be
introduced under gas phase inside the tribological chamber by using 3 micro-leaks valves and the
partial pressure can be continuously varied from 10®° hPa to 2000 hPa, (twice the atmospheric
pressure), thanks to a membrane vacuum gauge. The tribometer is computer-controlled and the
normal load is automatically re-adjusted when the gas pressure inside the tribometry chamber has
changed. The main advantage of the ECAT device is the possibility to perform in situ XPS and Auger
surface analyses on the rubbed surfaces at the end of the friction experiments without any exterior
contamination. Recently, GPL approach has established clear differences between the tribochemistry
of organophosphates and organophosphites molecules on the steel surface and evidenced the
relationship with the tribological performances [31].

Here, GPL experiments are performed for two different kinds of molecules, a phosphorous-
containing additive dimethylphosphite (DMPi) and a sulfur-containing trisulfide additive (TPS44)
(Figure 1). DMPi has a purity of 99+% (> 99%) and is provided by the Aldrich Chemical Co. The DMPi
compound presents two chemical equilibrium states, a phosphite form in which the P atom is
trivalent and a phosphonate form in which the P atom is pentavalent. The trisulfides (TPS44) is an
industrial additive supplied by TOTAL Company, it contains some impurities, in particular oxygen.
These molecules can be evaporated and introduced into the vacuum chamber until a limited
pressure at room temperature, corresponding to the saturating vapor pressure (SVP), is reached
because of their heavy molecular weight, specially the TPS44 compound (Figure 1). They are further
purified by freeze pumping thaw cycles before being introduced into the tribometry chamber.
Friction materials, pin and flat, used are made of AISI 52100 steel (composition 96.9 Fe—1.04 C-1.45
Cr—0.35 Mn—0.27 Si in wt%) and both the surfaces are polished with a 1 um diamond paste solution
in order to obtain a surface roughness of about 20-25 nm in Ra, then cleaned with a n-heptane
ultrasonic bath. The use of steel is preferred to pure iron crystal because the hardness of pure iron is
too low to reach the required contact pressure. The pin has a hemispherical radius of 8mm. In order
to match as close as possible the modeled conditions in the computational study, the 3—4nm thick
native oxide/hydroxide layer present at the top surface of the steel samples is removed using an Ar
ion gun VG EXO5 (ions of 3 keV) to obtain a metallic iron surface. Before starting the GPL
experiments, the etched sample is first analyzed by XPS to check its purity in iron, e.g. in the absence
of any adventitious carbon and oxides layers. These GPL experiments are run for 600 cycles at room
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temperature with a normal applied load of 3.5 N corresponding to a maximum HerE%ﬁrlmo_ g}ﬁéﬁé&;‘éﬁj‘gé
pressure of about 0.52 GPa and a Hertz diameter of 114 um. The track length is adjusted to about 2

mm and the sliding speed of the reciprocating motion is set at about 0.5 mm.s™. All the tests are
repeated three times to check their reproducibility.

After GPL experiments, the rubbed steel samples are directly introduced into the analysis chamber
without any cleaning step or air exposure. Auger Electron Spectroscopy (AES) analysis is carried out

both inside and outside the wear scar thanks to an electron gun FEG1000 with a small spot size of 1

um. The AES electrons emitted by the surface during the analysis are detected using a VG 220i
spectrometer. AES analysis presents both a high spatial resolution (1 um) and a clear identification of

the oxidation state for S and P chemical elements.

a) b) c)

Figure 1: DMPi molecule in the two states of a) dimethyl-hydrogen phosphite and b) dimethyl-phosphonate. c) Tertiary
polysulfides (TPS44) molecule. The adopted color scheme is: P in purple, O in red, S in yellow, C in grey and H in white. The
molecular weight of DMPi (TPS44) is 110 g/mol (210 g/mol), and the SVP at room temperature is 30 hPa (3 hPa).

1l. Results and discussion

1. Ab initio study of P and S adsorption on Fe(110)

To identify the most stable adsorption site for S and P atoms at the Fe(110) surface, we consider the
(2x2) cell and position one adatom in different high-symmetry sites. A structural relaxation is

Published on 05 May 2016. Downloaded by University of Sussex on 05/05/2016 16:56:50.

performed by keeping fixed the lateral (x,y) coordinates of the ad-atom and the bottom layer of the
slab. The energy comparison reveales that the adatom stability increases with its coordination on the
surface and the most favorable adsorption site for both S and P is the long-bridge (LB) site, where the
atom can bind with four Fe atoms on the surface. This result is in agreement with previous DFT
calculation of S adsorption [48], while we are not aware of any previous study of P adsorption on
Fe(110). The adsorption distance between the adatom and the Fe surface atoms is 1.53 A and 1.51 A
for S and P elements, respectively.

Different coverages of phosphorus and sulfur are simulated by varying the number of adatoms
adsorbed at LB sites in the (2x2) cell. The considered configurations are reported in table 1. We find
that the most favorable coverage is 0.25 monolayer (ML), which corresponds to one ad-atom per
(2x2) cell. This result is in agreement with the LEED experimental observation of a (2x2)
reconstruction formed on the Fe(110) surface upon S adsorption [49]. As can be seen in table 1, the
adsorption energy increases with the adatom concentration and the energy cost to increase the
coverage is higher in the case of S atoms than P atoms.
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Table 1: Increase of adsorption energy with coverage (the percentage increase is calculated with respect to the/imastcle Online

stable configuration) corresponding to % ML both for S and P adsorption. The adatom configurations cgr%s]&ojﬁﬂgq

the considered coverages are reported in a top-view representation.

%AO754SB

[
LEOR

N

Coverage 1 1/2 1/4
S 42% 11% 0
P 21% 6% 0

2) Interfacial adhesion

We construct S- and P-terminated interfaces by self-making (2x2) surfaces with the most

favorable coverage, i.e, %4 ML. We study the variation of the adhesion energy of clean, P-passivated

and S-passivated iron interfaces as a function of the separation between the two surfaces in contact.

The calculations are performed by fixing the bottom layers of the two mating slabs, and allowing a

the other system degrees of freedom to relax. The two surfaces are initially positioned at very close

distance. Then, the system is allowed to relax until the equilibrium distance between the surfaces i

S

reached. Table 2 represents the work of adhesion for clean and passivated iron interfaces in the

most favorable relative lateral position. It is clear that both phosphorus and sulfur decrease the wor

k

of separation with respect to the clean interface, and S is five times more efficient in reducing the

work of adhesion than P. The separation between the metal surfaces increases in the presence of
and P, which is a favorable situation especially at high S and P coverages.

Table 2 : The work of separation, W, and equilibrium surface separation, Az, calculated for clean and passivated iron

interfaces.
0 0 | YMLP | %MLS
Weep (J/m?) | 4.8 2.5 0.5
Az (A) 2.4 3.2 3.4

S

Figure 2 reports the adhesion energy per 1x1 cell as a function of the interfacial separation. Negative

values of the adhesion energy indicate an attractive interaction between the surfaces, while positive

values indicate repulsion between the surfaces. Each dot in the picture is the result of a first

principles calculation. Aside of each dot is reported the value of the pressure in GPa calculated from

the residual forces on the fixed layers. Negative values indicate that a tensile stress should be applied

to keep the surfaces at the corresponding distance, while positive pressures indicate that a

compressive stress should be applied to reach the corresponding short distances.
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Figure 2: Adhesion energy as a function of the surface separation. The load (tensile or compressive) necessary to bring
the surfaces at the considered distances is reported in GPa.

The minimum of the blue curve, which corresponds to the clean interface, is much deeper than the
minima of the red and the black curves, representing respectively P- and S-passivated interfaces. This
clearly indicates that the chemical adhesion of iron is highly reduced by the presence of passivating
species. Large tensile stresses (up to 51 GPa) should be applied to increase the separation between
the clean iron surfaces from the equilibrium value, which corresponds to the Fe-Fe bond length.
Finally, it can be observed that the interaction between the clean surfaces is attractive for a wide

Published on 05 May 2016. Downloaded by University of Sussex on 05/05/2016 16:56:50.

range of distances and it vanishes only when the surfaces are brought at about 6 A separation. The
comparison between the curves corresponding to S- and P-passivation, reveals a lower adhesion in
the case of S-passivation (the minimum of the black cure is much lower than that of the red curve). In
addition, the interaction between the S-passivated surfaces is attractive for a much narrower range
of distances (from 3 A to 4.5 A) than that of the P-passivated ones (from 2.75 A to 6 A ) and lower
tensile stresses should be applied to increase the separation between S-passivated than P-passivated
surfaces.

3) Shear strength

A bidimensional representation of the PESes obtained for S and P-passivated sliding interfaces is
shown in Fig. 3a, a common energy scale is used, where the minima are colored in blue. The ball-and-
stick inset offers a top view representation of the substrate surface. An identical surface shoud be
imagined sliding on it. The labeled white dots indicate the relative positions considered in the
calculation of the PES. The PES corrugation of the P-passivated interfaces is much higher than that of
the S-passivated ones, consistently with the higher adhesion calculated for the P-passivated interface
. In Fig. 3b the PES profiles aling the three symmetry directions indicated by arrows in panel a) are
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displayed. The red (black) color is used for P (S) passivation (Figure 3 b)). It is noticed tha&jﬁ P(ﬁigggé%fggide Online

AQ7545B

more pronounced load-induced increase, the energy barriers that should be overcame to slide S-

passivated surfaces are lower than those of P-passivated surfaces. This produces lower frictional

forces, as it can be seen in table 3 where the shear strengths are reported for the three considered

directions.

a)
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Sulfur 6, = V4

b)
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Figure 3 : panel a) Bidimensional representation of the PES obtained for S- and P- passivated interfaces at zero load,
panel b) PES profiles along the three symmetry directions indicated with arrows in Fig. 3a. The red (black) color is used
for the P- (S-)passivated interfaces, a continuous (dashed) line is used for 10 GPa (zero) applied load.

If we consider the “d” direction, which corresponds to the minimum energy path that connects the

PES minima passing through the saddle points, we can notice that the resistance to sliding of a clean

iron interface at zero applied pressure is of 4 GPa. A 60% reduction is obtained by including

interfacial phosphorus in a small concentration of 0.25 ML. This reduction reaches the 70% if sulfur is

used instead of phosphorus (third line of Tab. 3).

Table 3 : Ideal shear strengths along high symmetry directions for clean and passivated interfaces

Clean interface

P coverage % ML

S coverage % ML

w(GPa) |325 8.9 1.9
1,(GPa) | 46.0 11.0 2.5
4 (GPa) | 10.2 4.1 3.0

The surface passivation decreases the Fe-Fe interaction at the interface, decreasing friction and

adhesion, especially at high coverage. Our calculations reveal that P and S are good passivating

species as they create electrostatic and Pauli repulsion at short distances. The mechanism of surface

passivation to reduce friction is effective also in other materials like diamond [50-52].
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In the following, GPL friction experiments as well as in situ surface analysis have been %%Ff%r_mg%gggg%jg;
study experimentally the efficiency of passivated iron interfaces obtained by P- and S-based additives

in lowering macroscopic friction. Results are then compared to simulations.

4) Experimental results

The evolution of the friction coefficients obtained with GPL in the presence of 1hPa of DMPi and
1hPa of TPS44 are shown in figure 4 a). It clearly appears that the trisulfide TPS44 molecule reduces
friction more efficiently than the DMPi molecule at the same gas pressure. In fact, the friction
coefficient reaches a steady-state value of about 0.18 for TPS44 compared to 0.30 for DMPi.

S
§ Additionally, the friction coefficient obtained with etched steel surfaces under UHV is reported as
E reference. Both DMPi and TPS44 molecules reduce friction drastically in comparison with UHV.
g Moreover, these two compounds have good anti-wear properties because the width of the wear
Lo
g scars formed on the steel flats (Figure 4b)) almost corresponds to the calculated initial Hertzian
o
5 diameter, i.e., 114 um. The different frictional behaviors of the phosphorous and sulfur-containing
g moieties can be related to the chemical nature of the formed tribofilm.
s
>
‘D
5
=
5 DMPI
=~ e =
B ! : -
g 0,9 LS
2 o® UHV = A g |
a e 07 ¢
< 2 -
§ % 0,6 100um
B g 0
= c 0,4 .
§ :g 03 DMPi
% L 02 .
° 01 TPS44
S 0
0 100 200 300 400 500 600
Number of cycles
a) b)

Figure 4 : a) Evolution of the friction coefficient obtained under GPL in the presence of 1 hPa DMPi and 1 hPa TPS44 at
room temperature. The friction coefficient obtained under UHV is reported for comparison. b) Wear scars formed on the
steel flats during GPL experiments.

The combination of GPL experiments with in situ surface analysis allows an accurate investigation of
the chemical nature of the tribofilm with a clear assignment of the chemical state of the different
elements. Figure 5 shows in situ AES spectra recorded inside and outside the DMPi- and TPS44-
derived tribofilms at the end of the GPL experiments. For DMPi compound, the tribofilm shows the
presence of phosphide peaking at about 120 eV confirming the decomposition of DMPi molecule
under shearing with the release of P element to form P-Fe bonds. The phosphate chemical bond
would show an AES peak at 110 eV, which is practically not observed here on the spectrum. By
comparing the AES spectra recorded inside and outside the tribofilm, it clearly appears that Fe,P iron
phosphide generation is widely promoted under tribological conditions, in agreement with previous
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studies [53]. As shown by Figure 5, outside the tribofilm only the adsorption of the DMB!}F?@&W@Q&&%?E
can be detected with a small contribution at about 110 eV. Regarding the trisulfide TPS44 compound,
the formation of iron sulfide inside the tribofilm is clearly evidenced by the strong S \uw peak at
about 152 eV confirming the decomposition of TPS44 under shear and the release of S element to
form S-Fe bonds. Outside the TPS44-derived tribofilm, only a weak adsorption of sulfur as sulfide can
be observed. The stronger intensity of the iron sulfide contribution in comparison with iron
phosphide suggests a higher reactivity of the TPS44 compound on the iron surface and/or a higher
stability of the S-Fe bond in comparison with P-Fe one. Surprisingly, we can also observe the
presence of oxygen on the spectrum recorded on the TPS44-derived tribofilm although the molecule
of TPS44 does not contain any oxygen. However, the amount of oxygen remains quite low and may
be due to the presence of impurities in the TPS44 industrial products. Indeed, the production of
organic polysulfides additives involves different oxygenated products [54, 55].

Fe mm

OKI_.L

PLMM
- Phosphide

PLMM i

C
KLL .
Phosphite :4 - Outside

DMPi-tribofilm

Inside

: : Sivm

Sulphide

Outside

TPS44-tribofilm

|||-I-|_-|||||_|.|||III11.IIIII'II|||III]IIIII]
100 200 300 400 500 600 700 800

Kinetic Energy (eV)

Figure 5: In situ AES spectra recorded inside and outside the DMPi-derived tribofilm and TPS44-derived tribofilm after
GPL experiments.

The friction reduction property is correlated with the formation of iron phosphide and iron sulphide
in the tribofilm. These experimental results are in agreement with previous experimental
observations where it has been reported that the lower shear strength of sulfur-containing tribofilms
compared to phosphorus-containing tribofilms is the reason for lower friction coefficient observed
[56]. This is confirmed by our first principle calculations results, which reveal that phosphorus and
sulfur are very efficient in reducing the adhesion and shear strength of iron-on-iron interface.
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Calculations and experiments are in agreement to show that S is more effective than Boiplﬁgl}m@'ggg%jgé

friction.

. Conclusion

We perform a firstprinciples comparative study on the effects of sulfur and phosphorus on interfacial
properties of iron. We show that the metal passivation by these elements has a high impact on its
tribological properties: a surface coverage of 0.25 ML, which we identify as the most energetically
favored for both the species, is able to reduce the adhesion between iron surfaces very effectively, in
particular sulfur. A detailed analysis of the surface interaction as a function of distance reveals, in
fact, that the attraction between P-passivated surfaces is larger than between the S-passivated ones.
We construct the potential energy surface (PES) for the sliding interface and derive the ideal
interfacial shear strength. The results show that the intrinsic resistance to sliding of a clean iron
interface can be reduced by 60% by including 0.25 ML interfacial phosphorus and this reduction
reaches 70% in the case of interfacial sulfur. These numerical results predict that sulfur is more
efficient in reducing friction of iron-based surfaces than phosphorous.

Using a dedicated UHV tribometer coupled with in situ Auger spectroscopy, we run friction
experiments on steel samples in the presence of partial pressures of dimethyl phosphite (DMPi) and
an organic polysulfide (TPS 44). In situ AES analysis inside and outside area scars clearly show the
formation of iron phosphide with DMPi and iron sulfide with TPS 44. The absence of formation of
organic sulfates and phosphates compounds is clearly evidenced by GPL approach with in situ AES.
Friction results show that TPS 44 (iron sulfide) is more efficient than DMPi (iron phosphide) in
reducing friction of steel contact, in agreement with the results of firstprinciples calculations.

Overall, our study indicates that the approach that combines firstprinciples calculations and gas
phase lubrication is very efficient to study tribochemistry mechanisms of lubricant additives.
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