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A B S T R A C T

Lightweight alloys substitute steel in a wide range of industrial applications. It is still unclear whether the
lubricant additives currently employed to reduce friction of sliding metallic parts are also efficient on non-
ferrous substrates. In particular, the functionality of zinc dialkyldithiophosphates (ZDDPs) in contact with
Al- and Mg-containing alloys still needs to be understood. In this work, we describe the properties of ZDDP
at Al(111), Al(001), Al(331), Mg(0001) and Mg17Al12 surfaces and interfaces. Our calculations indicate that
molecular fragments originated from ZDDP chemisorb more strongly on the intermetallic phase Mg17Al12 with
respect to aluminum and magnesium, due to the higher surface energy of the mixed substrate. Ab initio
molecular dynamics simulations show that the kinetics of the additive decomposition is significantly different
on Al and the mixed phase. These results are supported by atomic force microscopy sliding tests, which revealed
that the tribofilm formation is observed only on the latter substrate. This work suggests that the tribological
performance of lightweight alloys can be enhanced by increasing the additive-surface chemical interactions.
1. Introduction

Friction is a common phenomenon which results in massive energy
and environmental costs. Holmberg and Erdemir estimated that approx-
imately 21% of the total energy extracted from fuel in a passenger
car is needed to move the vehicle, while the rest is lost and one third
of this energy loss is due to friction [1,2]. One way to reduce energy
losses between sliding metallic parts in several industrial applications
is by introducing friction modifier additives in the lubricating oil. In
particular, extreme pressure (EP) additives react in severe tribological
conditions to form chemical species able to protect the surfaces, of-
fering low resistance to sliding. Zinc dialkyldithiophosphates (ZDDPs)
are among the most successful EP additives due to their remarkable
antiwear properties [3–5], especially on steel [6–8]. The decomposition
of ZDDP can occur spontaneously in lubricant mixtures at elevated
temperatures, leading to the formation of thermal films, and also in
the presence of mechanical stresses, which produce tribofilms at lower
temperatures compared to the ones required for the thermal films.
Tribofilms are composed of layered pads and are generally more wear-
resistant compared to thermal films [9], which are rather continuous,
yet their composition is similar. The topmost layer is an adsorption
layer of ZDDP and other sulfur-containing molecules, while the inner
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layers are composed of polyphosphates chains that are longer at the top
of the pads and shorter at the bottom [3]. Iron particles generated by
wear can be included in the bottom layer of the tribofilm [6], changing
the color of the tribofilm from blue to brown [10]. For this reason,
ZDDP is also considered as an efficient antioxidant and anti-corrosive
agent. Furthermore, the antiwear properties of ZDDP can be enhanced
by laser patterning the surfaces hosting the tribofilm [11].

Lightweight materials are becoming extremely important for en-
ergy savings in many applications [12], especially in the automotive
industry, where aluminum and magnesium alloys substitute steel to
reduce fuel consumption [13]. Indeed, research concerning ZDDP re-
cently shifted towards understanding its interaction with non-ferrous
substrates. Ueda et al. studied the formation of ZDDP-based tribofilms
on different non-ferrous substrates and found out that the tribofilms
are either very difficult to form or easily removable in boundary
lubrication conditions [14]. Wan et al. demonstrated that ZDDP forms
thin tribofilms which are not sufficient to prevent wear on A2024
aluminum alloys [15]. The chemical composition of such tribofilms
has also been investigated on the Al- and Si-containing A383 alloy
and it turned out that the lengths of the polyphosphate chains depend
on the temperature and on the chemical nature of the substrate [16].
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Recently, in-situ experiments by Gosvami et al. indicated the formation
of ZDDP-derived tribofilms on ADC12, an Al–Si alloy, under lubricated
conditions [17]. The tribofilms formed on the regions containing Si are
thicker, smoother and provide lower friction coefficients than the Al
matrix. Another study showed that thin tribofilms only form on top
of a mixed Mg17Al12 phase, while they were not observed on the 𝛼-
Mg matrix [18]. However, these studies could not fully explain the
reason why the substrate composition is so crucial for enabling the
tribofilm formation. Several authors suggested that the hardness of
the substrates could be a key factor in determining the quality of the
tribofilm [8,18,19], although the chemistry of the surface may also play
a substantial role.

Computer simulations offer a valuable perspective on the mecha-
nism of formation of the tribofilms on metallic substrates, by effectively
describing chemical interactions at the atomic level [20–24]. Martin
et al. investigated ZDDP on ferrous surfaces by molecular dynam-
ics [25]. They extended their investigation to the digestion of silica and
alumina nanoparticles in the zinc phosphate by using a hybrid com-
putational technique based on the tight-binding approximation [26].
However, to the best of our knowledge, no systematic study has been
performed yet concerning the interfaces of these lightweight alloys.
Here, we present a detailed investigation based on density functional
theory (DFT), including ab initio molecular dynamics simulations, and
atomic force microscopy sliding experiments to shed light on the inter-
action of ZDDP with aluminum, magnesium and Mg17Al12 surfaces and
interfaces. First principles calculations are essential to properly describe
the chemical interaction between the additive and the substrates. These
techniques have not been used to explore the reactivity of lightweight
alloys yet. Our aim is to describe how ZDDP and its fragments adsorb
on these materials to better understand the initial steps of the tribofilm
formation and gain insights into the mechanism behind the lubrication
of lightweight alloys.

2. Systems and methods

2.1. Computational methods

We performed density functional theory calculations following the
plane waves and pseudopotentials approach implemented in Quantum
ESPRESSO [27]. The kinetic energy cutoff for the wave functions and
charge densities were 40 and 320 Ry, respectively. The Perdew, Burke
and Ernzerhof (PBE) [28] approximation was used for the exchange–
correlation functional. The pseudopotentials used to represent the elec-
tronic configuration of the atoms were Ultrasoft, following the GBRV
parametrization [29] for Mg and the RRKJ parametrization [30] for
all the other atoms. Spin polarization was considered to avoid the
restriction of the electronic configuration to a closed shell. Periodic
boundary conditions were used in all the calculations. A Gaussian
smearing was added to better describe electronic occupations around
the Fermi level. The width of the Gaussian functions was 0.001 Ry.
The geometries of the systems were optimized using the BFGS algo-
rithm [31] and the optimizations were stopped when the total energy
and the forces converged under the thresholds of 10−4 Ry and 10−3

Ry/bohr, respectively.
The chemical structure of ZDDP consists of a zinc atom coordinated

by two dialkyldithiophosphate anions. In our calculations, the lateral
alkyl chains of the ZDDP molecule were reduced to methyl groups
to minimize the computational cost. We justified this choice in a
previous work concerning MoDTC additives, where we showed that
the dissociation energies of methyl groups and longer alkyl chains in
the ligand units are similar [23]. Since the lateral alkyl chains are
connected to electronegative atoms in both compounds, i.e. 𝑁 and
O atoms in MoDTC and ZDDP, respectively, we believe that reducing
the lateral chains to methyl groups may be reasonable also for ZDDP.
Indeed, the alkyl chains are not part of the inner tribofilm [3,6] and
should be dissolved in the lubricant oil after the decomposition. The
2

Fig. 1. (a) Optimized geometry of the ZDDP molecule. (b) Lateral views of the metallic
substrates considered in this study.

chemical structure of ZDDP was initially generated with the Avogadro
molecular builder and visualization tool [32] and then optimized in a
cubic supercell with an edge of 30 Å. The final geometry of ZDDP is
shown in Fig. 1a.

Fig. 1b shows the metallic substrates considered in this work,
namely Al(111), Al(001), Al(331), Mg(0001) and a mixed Mg17Al12
phase. These surfaces are representative models for the substrates
considered in the experiments. The lattice parameters of bulk Al and
Mg turned out to be 𝑎𝐴𝑙 = 4.046 Å, 𝑎𝑀𝑔 = 𝑏𝑀𝑔 = 3.1928 Å, 𝑐𝑀𝑔 = 5.1939
Å. A 16 × 16 × 16 Monkhorst-Pack grid was used to sample the
reciprocal space for the bulk structure of Al. The K-points sampling was
properly rescaled for all the subsequent simulations. The convergence
tests performed on the systems aimed at an accuracy of 2 meV/atom on
the total energy, as explained in detail in the Supporting Information.
Finally, the lattice parameters of the Mg17Al12 structure were optimized
by a variable-cell calculation, with the initial geometry obtained from
the Materials Project database [33]. The lattice parameter and the
angles of the Mg17Al12 cell turned out to be 9.1215 Å, 𝛼 = 𝛾 = 70.5◦ and
𝛽 = 109.5◦. The Al(111), Al(001) and Mg(0001) slabs used to adsorb
the ZDDP molecule were composed of 4 atomic layers, and their lateral
dimensions were 3 × 3, 4 × 3 and 6 × 3, respectively. The Al(331)
slab, generated from the geometry available on the Materials Project
database [33], was composed by 12 atomic layers and was replicated 6
times along the 𝑥 and 2 times along the 𝑦 directions. The optimized
structure of Mg17Al12 was simply replicated two times along the 𝑥
direction.

The surface energies of the substrates were calculated as follows:

𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒 =
𝐸𝑠𝑙𝑎𝑏 − 𝑛 ⋅ 𝐸𝑏𝑢𝑙𝑘

2𝐴
(1)

where 𝐸𝑠𝑙𝑎𝑏, 𝐸𝑏𝑢𝑙𝑘 are the total energies of the slabs and of the bulk
structures, respectively, 𝑛 is the ratio between the number of atoms in
the slab and in the bulk, and A is the area of the simulation cell. 𝐸𝑠𝑙𝑎𝑏
was calculated using a K-point sampling equivalent to the one used for
𝐸 .
𝑏𝑢𝑙𝑘
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The adsorption energies of the ZDDP additive on the substrates were
calculated as:

𝐸𝑎𝑑𝑠 = 𝐸𝑚𝑜𝑙+𝑠𝑢𝑏 − 𝐸𝑚𝑜𝑙 − 𝐸𝑠𝑢𝑏 (2)

where 𝐸𝑚𝑜𝑙+𝑠𝑢𝑏, 𝐸𝑚𝑜𝑙 and 𝐸𝑠𝑢𝑏 are the total energies of the whole
adsorbed system, the isolated ZDDP molecule and the substrate alone,
respectively.

To investigate the behavior of ZDDP under mechanical stresses, the
geometry of the molecule at the metallic interfaces was also optimized.
Vertical forces, corresponding to a load of 1 GPa, were imposed on the
external atoms of the top metallic slab, while the external atoms of the
bottom slab were kept fixed.

Born–Oppenheimer Molecular Dynamics simulations were
performed starting from the compressed interfaces of Al(111) and
Mg17Al12. The integration of the charge density was carried out only
at the 𝛤 -point, and a time step of approximately 0.97 fs was used. The
temperature was fixed at 380 K. The sliding motion was simulated by
an ad hoc modified version of the program [34,35].

Several pictures in this work were realized using the XCrySDen
software [36].

2.2. Experimental methods

Commercially available as-cast AZ91 (Mg–9Al–1Zn, wt.%) Mg alloy
(Alfa Aesar, Ward Hill, MA, USA) was wire cut into 30 mm × 30 mm ×
2.5 mm blocks. The samples were polished using 500 to 4000 grit
emery paper followed by polishing in a colloidal silica medium of size
0.05 μm. The samples were subsequently etched in 10% Nital solution
for microstructural examination. After polishing, the final roughness
of the alloy was measured using AFM imaging in contact mode and
the RMS roughness values for the Mg17Al12 precipitate and the Mg
matrix were 1.45 nm and 1.56 nm, respectively. Finally, the samples
were ultrasonicated in acetone for 15 min and then dried under a
jet of nitrogen to avoid the contamination for further experimental
examination.

Specimen of commercially available ADC12 alloy (composition:
0.30% Mg, 0.78% Fe, 0.22% Mn, 0.81% Cu, 0.70% Zn, 11.3% Si, from
Ye Chiu Non-Ferrous Metals, Johor, Malaysia) were machined and cut
by electro-discharge machining (EDM) to the size of 30 mm × 30 mm ×
2.5 mm for the AFM experiments. After cutting, the samples were
polished using SiC papers of various grit sizes ranging from 240–1200,
and then final polishing was performed using 6 μm diamond paste
followed by 1 μm diamond paste on a napped cloth. Finally, additional
polishing was performed by using 1 μm colloidal alumina suspension,
followed by 0.05 μm colloidal silica suspension as the final polishing
medium. RMS roughness of 3.61 and 5.37 nm was observed for the Si
precipitate and the Al matrix, respectively. The sample cleaning was
performed by ultrasonication with acetone followed by ethanol, each
for about 15–20 min and then immediately drying the sample under a
stream of nitrogen gas.

A group II base oil (MAK 65, BPCL, India, viscosity of 11–12.2 cst
at 40 ◦C and 3 cst at 100 ◦C), mixed with 1 wt% secondary ZDDP
(C-TEC 209, Tianhe, China, 8.0–11.0 cst at 100 ◦C), was used for in
situ liquid mode experiments. AFM was used to monitor the growth
of the tribofilm and the friction force simultaneously as a function of
sliding time. Commercially available silicon cantilevers (Tap190ALG,
Budget sensors, Bulgaria), which were further modified by attaching
a wear-resistant alumina microsphere of diameter 20-30 μm near the
end of the cantilever, were used to measure the topographic evolution
within the sliding zone. Contact diameter and contact pressures in dif-
ferent regions were calculated using the Hertzian contact model [37],
assuming a Young’s modulus of 70 and 80 GPa for Al and Mg17Al12 pre-
cipitates, respectively The liquid cell, made of polyether ether ketone
(PEEK), with the Viton O-ring was mounted over the sample, placed
on a heating stage, and was filled with ZDDP-containing base oil. All

◦

3

experiments were performed at 110 C to observe the tribofilm growth.
This temperature was chosen to compare the results with previous
ZDDP tribofilm growth experiments conducted at nanoscale as well as
macroscale [3,8,37]. Indeed, tribofilm growth does not occur at room
temperature. The AFM scan size was 12 μm × 5 μm, and sliding speed
was fixed to 80 ms per line scan, which corresponds to a sliding velocity
of 150 μm∕s. Sliding tests were performed for almost 2 h to observe the
tribofilm formation on the surface of the alloys.

3. Results and discussion

3.1. Bond strength in the ZDDP molecule

The first step of our investigation was the geometry optimization of
the ZDDP chemical structure and the calculation of its fragmentation
energies. Several studies have already described the geometry of iso-
lated ZDDP [38–40]. We reported the structural data of ZDDP in the
Supporting Information, and the bond lengths and angles are in good
agreement with the data available in the literature. Furthermore, we
evaluated possible fragmentation patterns of the molecule to estimate
which bonds will be broken first in tribological conditions, in anal-
ogy with our previous studies [23,41,42]. The different fragmentation
patterns are schematically represented in Fig. 2.

Cut 1 refers to the breaking of two Zn–S bonds on the same side
of the additive, Cut 2 represents the breaking of the Zn–S and P–S
bonds, while Cut 3 corresponds to the dissociation of the P–S bonds.
Cut 4 and Cut 5 reproduce the formation of methyl and methoxy
groups, respectively. All the molecular fragments were considered as
radicals, effectively making these fragmentation patterns homolytic
bond ruptures. This approach is meant to qualitatively estimate the
strength of the different bonds. The calculated fragmentation energies
reported in Fig. 2 suggest that Cut 1 is the most favorable fragmentation
pattern for isolated ZDDP, as less energy is required to separate the two
molecular fragments. Indeed, fragments in which the P atom is highly
coordinated are more energetically favorable.

3.2. Surface energies of the substrates

To better understand the functionality of ZDDP on lightweight
alloys, we selected five different substrates: Al(111), Al(001), Al(331),
Mg(0001) and Mg17Al12. While the (111) and the (0001) surfaces are
the most stable surfaces for Al and Mg, respectively, we also considered
two surfaces of Al with a similar reactivity, (001) and (331), where
the latter also presents surface steps. Finally, Mg17Al12 constitutes one
of the most widely used Mg-containing alloys, the AZ91 alloy [18].
The values of 𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒 turned out to be 0.84, 0.96, 0.96, 0.55 and
1.60 J/m2 for Al(111), Al(001), Al(331) and Mg17Al12, respectively,
indicating that the most reactive surface is the mixed phase. The surface
energies are generally in good agreement with the values obtained in
our previous high-throughput evaluation [43].

3.3. Adsorption of ZDDP on the substrates

Fig. 3 shows the optimized geometries of the complex adsorbed on
the different substrates.

These simulations indicate that ZDDP only physisorbs on aluminum,
magnesium and the mixed phase. This result is different for ferrous
substrates, onto which ZDDP is able to chemisorb and thermally decom-
pose [3,44]. On the lightweight substrates, repulsion between ZDDP
and the surface at short distance prevents chemisorption, with the
molecule always laying around 3 Å above the surface atoms. The origin
of this repulsion could be the methyl groups of the additive, because
Al(001) and Al(331) have practically identical surface energies, yet the
adsorption energy of ZDDP on Al(331) is almost double with respect to
Al(001). Indeed, on Al(331), the sulfur atoms of ZDDP point directly to
the Al atoms of the steps, while the methyl groups have more room, as
shown in the xz view of the Al(331) surface in Fig. 3.
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Fig. 2. Fragmentation patterns of ZDDP considered in this work, along with the corresponding fragmentation energies.
Fig. 3. Optimal geometries of the ZDDP additive physisorbed on the different surfaces, along with the respective adsorption energies. For each system, the lateral views from both
the xz and yz orientations are shown.
In all the systems, the interaction among periodic replicas of the
ZDDP molecules was found below 0.02 eV. We estimated that ZDDP
occupies approximately 60 Å2 on the different surfaces, leading to a
surface coverage in the range 30%–47%.

3.4. ZDDP at the interfaces under load

The low reactivity of the Al and Mg substrates was observed even
when ZDDP was at the metallic interface. In all these simulations, the
molecules experienced 1 GPa of load, generated by imposing vertical
forces on the external atoms of the slabs. Fig. 4 shows the final
geometries of these systems.

The presence of an applied load typically increases the rate of
molecular dissociation [34]. Despite the high pressure applied on the
system, no significant changes in the chemical structure of the ZDDP
molecule were observed on aluminum and magnesium. Indeed, the
molecule overall maintained its geometry and did not strongly interact
with the surfaces. On the other hand, the ZDDP molecule dissociated
at the Mg17Al12 interface. The Zn atom partially lost the coordination
by the S atoms and interacted with the Al and Mg atoms of the
bottom surface. A (CH O) PS unit was detached from the molecule,
4

3 2 2
corresponding to one of the fragments originated by Cut 1, i.e. the
most favorable fragmentation pattern, as predicted by the calcula-
tions for the isolated molecule. The different behavior of ZDDP under
load demonstrated that the Mg17Al12 phase is more reactive than the
pristine elements. In addition, we calculated the energy change upon
formation of a compressed interface from the separated surface and
countersurface:

𝛥𝐸 = 𝐸𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 − 𝐸𝑚𝑜𝑙+𝑠𝑢𝑏 − 𝐸𝑠𝑢𝑏 (3)

where 𝐸𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 is the total energy of the system under load. Positive
(negative) values of 𝛥𝐸 indicate that the compressed system is less
(more) favorable than the situation of the physisorbed molecule with-
out any load, with the top slab at infinite distance from ZDDP. As it
can be seen from the results reported in Fig. 4, the only negative value
was observed for the Mg17Al12 interface.

3.5. Adsorption of molecular fragments of ZDDP on the substrates

To shed light on the results concerning the interfaces under load,
we considered the adsorption of fragments of ZDDP on the Al(111),
Mg(0001) and Mg Al surfaces. Comparing the adsorption energies
17 12



Applied Surface Science 600 (2022) 153947S. Peeters et al.
Fig. 4. Optimized geometries of the ZDDP molecule at the interface of the different metallic substrates, experiencing 1 GPa of load. The values of 𝛥𝐸 are reported below each
system.
Fig. 5. Fragments of ZDDP adsorbed on Al(111), Mg(0001) and Mg17Al12. For each
system, the lateral view is shown. For the top views, the reader is referred to the
Supporting Information. Only the highest atomic layer of the slabs is shown in the
pictures.

of these fragments allows to estimate their affinity for the different
substrates and gain insights into the dissociation mechanism of the
additive. We considered the (CH3O)2PS2, the (CH3O)2P and the CH3O
units originated from Cuts 1, 3 and 5, respectively. In addition, we
also considered the complementary fragment of Cut 1, (CH3O)2PS2Zn,
which is useful to estimate the dissociation energy of ZDDP on the
different substrates. The optimized geometry of these fragments is
shown in Fig. 5.

Table 1 reports the adsorption energies of the fragments, as calcu-
lated in Eq. (2).
5

Table 1
Adsorption energies obtained for the analyzed ZDDP fragments on the Al (111),
Mg (0001) and Mg17Al12 surfaces.

Fragment 𝐸𝑎𝑑𝑠 (eV)

Al (111) Mg (0001) Mg17Al12

(CH3O)2PS2Zn −1.85 −1.68 −2.08
(CH3O)2PS2 −2.43 −2.62 −2.72
(CH3O)2P −1.26 −1.56 −1.66
CH3O −3.27 −3.89 −3.95

The adsorption on the Mg17Al12 surface turned out to be more
favorable compared to Al(111), as expected from the higher reactivity
of this substrate. Moreover, the chemisorption of the fragments on
Mg(0001) turns out to be more favorable than on Al(111). This result
is in contrast with the fact that the surface energy of Mg(0001) is
lower than the one of the more reactive Al(111). The larger (negative)
adsorption energies observed for Mg are most probably due to the
increased number of chemical bonds formed by the fragments on this
metal. The (CH3O)2P fragment, originated by Cut 3, is characterized
by the weakest adsorption on all the metals. Furthermore, Cut 3 is the
most unfavorable pattern for the isolated compound, suggesting that
this decomposition pattern is less likely to occur with respect to the
other patterns. On the contrary, the release of the methoxy group is
favorable, followed by the detachment of the DDP unit.

Finally, we calculated the dissociation energy 𝐸𝑑𝑖𝑠𝑠 of ZDDP on the
different substrates following Cut 1:

𝐸𝑑𝑖𝑠𝑠 = 𝐸(𝐶𝐻3𝑂)2𝑃𝑆2𝑍𝑛+𝑠𝑢𝑏 + 𝐸(𝐶𝐻3𝑂)2𝑃𝑆2+𝑠𝑢𝑏 − 𝐸𝑚𝑜𝑙+𝑠𝑢𝑏 − 𝐸𝑠𝑢𝑏 (4)

where 𝐸(𝐶𝐻3𝑂)2𝑃𝑆2𝑍𝑛+𝑠𝑢𝑏 and 𝐸(𝐶𝐻3𝑂)2𝑃𝑆2+𝑠𝑢𝑏 are the energies of the
two fragments chemisorbed on the different substrates. The dissociation
energies turned out to be −0.70, −0.75 and −1.22 eV on Al(111),
Mg(0001) and Mg17Al12, respectively, confirming that the dissociation
on the mixed substrate is indeed more energetically favorable.

3.6. Born–Oppenheimer Molecular dynamics simulations

To validate the results obtained from the static simulations, we
carried out Born–Oppenheimer Molecular Dynamics simulations of the
ZDDP molecule at the Al(111) and Mg17Al12 interfaces. Al(111) was
selected as a representative material for all the other substrates, where
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Fig. 6. Lateral views of ZDDP at the Al(111) and Mg17Al12 interfaces at different times during the dynamic simulations. The red and yellow arrows represent the load of 1 GPa
and the sliding motion of 100 m/s, respectively.
a low reactivity of ZDDP was previously observed. Fig. 6 shows the
lateral geometries of the systems at different times. Since the initial
geometries of the dynamic simulations corresponded to the equilibrium
geometries of the interfaces under a load of 1 GPa, shown in Fig. 4, the
ZDDP molecule was intact at the beginning of the simulation including
Al(111), while the additive was already dissociated in the case of
the mixed phase. At the Al(111) interface, the molecule remained
undissociated during the whole simulation, lasted 8 ps. The additive
mainly interacted with the bottom surface and no decomposition was
observed, despite the Zn–S bonds stretching in the range 2.17–2.78 Å.
Temperature and sliding on the fragments of ZDDP at the interface of
the mixed phase promoted further dissociation. The dithiophosphate
units decomposed, releasing the sulfur atoms on the surfaces. At 3 ps, a
phosphorus atom was also detached from the methoxy groups. In these
conditions, ZDDP could no longer separate the interface. Indeed, the
molecule was completely dissociated at 5 ps and the sulfur and phos-
phorus atoms diffused in the mixed phase. Even though the simulated
times were small compared to the duration of the experimental tests,
the different behavior of ZDDP at the two interfaces revealed that the
kinetics of the tribochemical reaction significantly differs for the two
considered substrates.

3.7. Discussion

Our simulation demonstrated that ZDDP cannot strongly interact
with pure Al and Mg. For these metals, the additive only weakly
physisorbs on flat surfaces, while on ferrous materials ZDDP is able
to chemisorb and decompose [3,25]. Even the increase of surface
reactivity due to the presence of defects, e.g. step edges, is not enough
to promote the dissociative chemisorption. This is a challenge for the
lightweight metals that are replacing steel in automotive parts. The
mixed Mg17Al12 turned out to be more efficient than Al and Mg in
promoting the decomposition of ZDDP. While the additive physisorbs
on the mixed phase, as in the case of the pristine elements, ZDDP
is able to decompose under load at the interface of Mg17Al12. This
phase has a higher surface energy than the surfaces of Al and Mg
considered in this work, indicating a higher reactivity of the mixed
surface. Furthermore, the calculations suggested that the reactive sites
of ZDDP are the sulfur atoms. Fig. 3 indicates that the adsorption of
the molecule becomes slightly stronger when the sulfur atoms approach
the metallic substrate, as in the case of the Al(331) surface. To further
investigate the role of sulfur in the adsorption of ZDDP, we calculated
the charge displacement 𝜌𝑑𝑖𝑠𝑝 arising when ZDDP physisorbs on the
Al(111) and the Mg17Al12 substrates:

𝜌 = 𝜌 − 𝜌𝑆𝐶𝐹 − 𝜌𝑆𝐶𝐹 (5)
6

𝑑𝑖𝑠𝑝 𝑚𝑜𝑙+𝑠𝑢𝑏 𝑚𝑜𝑙 𝑠𝑢𝑏
Fig. 7. Charge displacement plots of ZDDP adsorbed on Al(111) (left) and Mg17Al12
(right). The red and the blue colors of the isosurfaces indicate charge accumulation
and depletion, respectively. The size of the atoms was reduced by 50%. (a) and (b)
lateral views from the 𝑥𝑧 plane of the molecule physisorbed on the substrates. The
isovalue is 0.0004 electrons per cubic bohr. (c) and (d) lateral views from the 𝑦𝑧 plane
of the physisorbed molecule, with the charge displacement projected on vertical planes
passing through the lower sulfur atom. The units for the isovalues in the legends are
electrons per cubic bohr.

where 𝜌𝑚𝑜𝑙+𝑠𝑢𝑏, 𝜌𝑆𝐶𝐹
𝑚𝑜𝑙 and 𝜌𝑆𝐶𝐹

𝑠𝑢𝑏 are the charge densities of the adsorbed
system, of the molecule and of the substrate alone, at the geometry of
the adsorbed system, respectively. The charge displacement, or charge
density difference, is an intuitive way to represent the accumulation
and the depletion of charge arising from the interaction between the
additive and the substrates, and it has been successfully used to demon-
strate the connection between the electronic properties and interfacial
adhesion [45]. In Fig. 7, the charge displacement plots for the Al(111)
and the Mg17Al12 substrates are compared. In both cases, a sulfur
atom of ZDDP and an interfacing aluminum atom of the substrate lose
electronic charge, in favor of the region between them, where a charge
accumulation can be observed. In the case of the mixed phase, the
charge displacement is visibly larger, as shown by both the 3D (Panels
a and b) and the 2D plots (Panels c and d). The charge accumulation
between sulfur and aluminum indicates a stronger affinity between
them. Indeed, the S–Al distance on Al(111) and Mg Al are 3.81
17 12
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Fig. 8. AFM images showing: (a) wear on the Al matrix of the ADC12 alloy, (b) formation of a stable antiwear tribofilm on the Mg17Al12 phase of the AZ91 alloy.
and 3.20 Å, respectively. The load of 1 GPa at the Mg17Al12 interface
is sufficient to reduce the S–Al distance and to overcome the energy
barriers associated to the disruption of the S–Zn bond and the formation
of the S–Al bond.

It is worth to note that a charge depletion is observed on the hydro-
gen atoms pointing towards the surface, and a charge accumulation is
present below them, suggesting the possibility of a dissociation of the
C–H bonds. However, the C–H bond dissociation might be less likely
than the one of the S–Zn bond, as we did not observe any significant
interaction between H and the substrates in Fig. 4.

These computational results explain the different tribological be-
havior observed in Fig. 8. In these experiments, an alumina AFM tip
slides on top of Al, Mg and Mg17Al12 regions of Al- and Mg-based
alloys under lubrication of a ZDDP-containing oil. No tribofilm was
formed on the Al and Mg regions of the alloys, resulting in significant
wear. When tribofilms cannot be formed efficiently, the surfaces remain
unprotected and interfacial bonds can arise, generating resistance to the
sliding motion. Therefore, significant wear and high friction coefficients
can be observed [17]. On the contrary, patches of antiwear tribofilm
were formed on Mg17Al12. One reason for this different tribological
behavior could be the hardness of the intermetallic phase, which is
higher than the one the pure elements, as suggested by several au-
thors [18,19]. Sliding on harder materials allows for more energy to
be generated at the contact, promoting the reactivity of the additives.
However, our simulations under load and the charge displacement
analysis clearly indicated that the chemical affinity between ZDDP and
the substrates plays a major role in determining the efficiency of the
tribofilm formation.

Finally, concerning the decomposition of ZDDP, a DDP unit was
detached at the interface of the mixed phase. This decomposition
pattern is in agreement with the analysis of the bond strengths in the
isolated compound. The detachment of the DDP ligand was already
suggested as the first step of the dissociation [46]. However, Mosey
et al. did not observe the full detachment of a DDP unit from ZDDP in
their Car–Parrinello molecular dynamics simulations [40], while they
frequently observed the dissociation of only one S–Zn bond. They also
described the formation of alkyl and alkoxy radicals represented here
by Cut 4 and 5 and found that the release of alkyl radicals are more
favorable than alkoxy radicals when the lateral chains are aliphatic. All
these results are in general agreement with the fragmentation energies
calculated in this work.

4. Conclusions

We investigated the interaction of ZDDP with lightweight metallic
substrates by density functional theory simulations and atomic force
microscopy experiments. The weakest bonds in ZDDP are those be-
tween Zn and S, suggesting that the first dissociation step may occur
7

through the separation of a (CH3O)2PS2 unit, i.e. the DDP ligand, from
the zinc atom. ZDDP weakly physisorbs on all the substrates consid-
ered in this work, namely Al(111), Al(001), Al(331), Mg(0001) and
Mg17Al12, yet charge displacement plots indicate a significant charge
accumulation between the sulfur atoms of ZDDP and the Al atoms of
Mg17Al12. Indeed, ZDDP decomposes only at the Mg17Al12 interface
under a load of 1 GPa, and release a DDP unit, in agreement with
the prediction for the isolated molecule. The other substrates are not
reactive enough to promote the dissociation of the additive. Molecular
dynamics simulations at 380 K showed further decomposition of ZDDP
at the sliding interface of the mixed phase, while the molecule remains
intact at the sliding interface of Al(111) under the same conditions.
These results closely match our AFM sliding tests, showing that anti-
wear tribofilms do not form efficiently on the Al and Mg regions of the
intermetallic phase. The tribofilm was observed only on Mg17Al12, in
agreement with previous studies.

This work demonstrated that the electronic properties of the sub-
strates influence the adhesion properties and the reactivity of ZDDP
and provided a possible explanation why ZDDP-based tribofilms can
be formed more easily on Mg17Al12 than Al. Chemical modifications of
the lightweight substrates to promote the formation of additive-surface
bonds, especially through the S atoms, might be the key to improve the
tribological performance of these substrates.
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