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Abstract: This paper provides results on the tribological behavior of experimental Al–Sn–Pb–Si–Cu–
Mg–Zn aluminum alloys and describes the adaptation phenomena that reduce wear intensity during
friction with steel. The main focus is on tribofilm formation, which plays an important role in friction
energy dissipation. The alloys were tested in a rig imitating a journal-bearing shaft couple, and
the friction surfaces were studied by the scanning electron microscopy, energy-dispersive analysis
and X-ray photoelectron spectroscopytechniques. Based on the analysis, a conclusion on processes
and tribochemical reactions was made. Compared to the initial state, eight new compounds were
found on the friction surface. In the most wear-resistant alloy, magnesium precipitated from a solid
solution with the subsequent oxidation. The same process was detected for zinc in the least wear-
resistant alloy due to its low magnesium content. Furthermore, CuSn3 and PbS compounds, which
require >600 ◦C temperature to compose, were found in tribofilms, indicating that the rubbing body
lost thermodynamic equilibrium during friction. The revealed processes are non-spontaneous and
decrease the wear intensity of the alloys, as they are accompanied by negative entropy production
and dissipation of friction energy. Stepwise depth XPS analysis also showed the functional levels of
the tribofilms.

Keywords: aluminum alloys; journal bearings; friction; tribology; friction surface; tribofilms; adapta-
tion; self-organization; tribochemical reactions

1. Introduction

Significant costs for overcoming friction forces make the problem of finding more
perfect friction pairs constantly relevant [1]. For plain and journal bearings, this task
involves the improvement of lubricants [2], bearing design enhancement [3], and the
development of new antifriction materials [4]. Along with antifriction behavior, such
materials must have sufficient bearing capacity to withstand the load of the counterbody.
At the same time, it becomes a barrier to the higher tribological properties all manufacturers
strive for.

Mechanical properties are often taken as a criterion for high tribological properties [5].
One major drawback of this approach is ignoring the counterbody while increasing bearing
hardness straightforwardly to reduce wear. The addition of hard inclusions such as carbides
and oxides may increase the life cycle of a bearing, intensifying the wear rate of shafts
as well, which are much more expensive and difficult to replace and repair [6,7]. On the
other hand, soft (white) metals, such as tin and lead, significantly increase the tribological
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properties but reduce the mechanical ones. Therefore, the use of these metals in bearings
tends to be limited. Obviously, the existing requirements for journal-bearing materials are
a compromise between tribological and mechanical properties. Replacement bronzes with
aluminum alloys are one of the perspectives for journal-bearing improvement. Aluminum
is 3.5 times cheaper than copper and ~3 times lighter. Partially, these problems can be
solved by using bimetallic and trimetallic journal bearings, where each layer and base
perform their function of providing antifriction properties and bearing capacity. However,
these bearings are more complicated in production and maintenance.

There are two main antifriction aluminum alloy systems: Al–Sn and Al–Cu [8]. Al–
Sn alloys are known for their excellent wear resistance and low friction due to the self-
lubricating properties of tin. These alloys are widely used in journal bearings, bushings,
and other sliding or rotating components where reducing friction and wear is critical.
Usually, these alloys contain 7–20% tin [9,10]. Meanwhile, Al–Cu alloys have increased
strength, wear resistance, and load-bearing capacity compared to pure aluminum [11].
Such materials work according to the Charpy principle, in which an oil-retaining layer is
created on the surface due to a large number of small hard inclusions in a soft aluminum
matrix. New antifriction materials are actively being developed based on these two systems
and their additional alloying [12–15].

Traditional ways have almost exhausted the possibilities for a significant improvement
in the quality of friction pairs, and, therefore, many studies have begun to focus on the study
of surface tribofilms [16–18]. At the same time, it has been written in articles on friction for
more than half a century that tribological characteristics are determined by the processes
occurring on rubbing surfaces [19]. However, only a few studies have used these findings
to develop new tribological materials. Bershadsky et al. [20] showed that non-spontaneous
processes with negative entropy production decrease the wear rate. This principle was
used for developing wear-resistant materials for sliding electrical contacts [21], journal
bearings [22], and coatings for cutting tools [23]. Thermodynamic self-organization was
also described for metals during fatigue [24].

Following this principle, the running-in stage becomes the final operation in the
bearing production chain that ensures optimal tribological properties [16]. The formed
tribofilms determine the tribological behavior of the material. The tribofilms are the
result of different processes that take place during friction, which are not fully studied.
Starting in the middle of the 20th century, the number of studies on tribofilms has steadily
increased, describing the influence of tribochemical and tribophysical phenomena on
friction. Nakayama et al. described the processes of triboemission of elementary particles,
the formation of tribomicroplasma, surface charge, and other tribochemical reactions [25]. It
is reported that the phenomenon occurs not only in the place of direct contact between two
bodies but also in the areas around it. Nonetheless, tribochemical processes are expected
to have a greater impact on friction and attract more attention. Those processes include
common phenomena such as oxidation [26], the Rehbinder effect [27], or tribocatalysis.
Kubo et al. noted the possibility of the formation of tribofilms on the surface of silicon
oxide SiO2, which contribute to the superfluidity of a liquid due to the formation of layers
of colloidal silicon oxide and hydrophilic hydrates [28]. Kuzharov et al. showed that
tribochemical reactions play a decisive role in [29]. The authors noted that during friction,
a tribofilm (a “servovite” film) is formed, which provides wear-free mode and super-
friction. The possibility of forming tribofilms that improve tribological properties due to
tribochemical reactions formed the basis for various additives that reduce wear and friction
coefficients [30–32]. One of the most common additives is zinc dialkyl dithiophosphate
(ZDDP), which is characterized by stable tribofilm formation and significantly improves
the tribological behavior of the friction pair [33]. During friction, tribochemical reactions
occur with the formation of zinc polyphosphates and sulfides, which have high tribological
properties. Phosphorus and sulfur for such compounds are taken from the lubricant, which
means that all objects of the tribosystem are involved in the formation of tribofilms.
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ZDDP and other additives, such as molybdenum disulfide (MoS2), contribute to wear
reduction due to the physical properties of the material or the compounds formed on the
surface as a result of reactions. On the other hand, a decrease in wear intensity can be
achieved by redistributing the friction energy. Such processes are the basis of tribofilms
formed during self-organization during friction [22].

Thermodynamically, the decrease in wear rate can be achieved by reducing the produc-
tion of entropy during friction through tribofilm formation [34]. Following this approach, a
tribosystem is considered from the standpoint of non-equilibrium thermodynamics and the
theory of self-organization [22]. The main idea is to reduce the wear rate with a decrease
in entropy production. A noticeable decrease in entropy production can occur during
self-organization and the formation of tribofilms. After self-organization, non-spontaneous
processes can occur stably, i.e., physical and chemical processes accompanied by an increase
in free energy and a negative production of entropy. Once the equilibrium of two bodies
that were initially in different states is reached, the thermodynamic forces are equalized,
and flows of energy and substances disappear (Figure 1a). If tribofilms are not formed
during friction, then the energy and potentials will be distributed over the body by a
monotonically decreasing function of the distance from the friction surface (Figure 1b).
During friction, the amount of energy may be too large to dissipate in regular ways, such as
through thermal and electroconductivity or diffusion. It might result in catastrophic wear
and scoring or the formation of new structures on friction surfaces [35]. In the latter case, a
zone of predominant energy dissipation appears, i.e., friction energy is redistributed in the
rubbing body with the formation of tribofilms (Figure 1c).
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Before self-organization, such processes existed only as unstable fluctuations. After
self-organization, the production of entropy is less than under the same conditions but
without self-organization [36]. In [22], it is reported that a decrease in wear is possible
when non-spontaneous tribochemical reactions occur, which are accompanied by negative
entropy production, leading to a decrease in the total entropy production in the system. This
idea is of great interest since, although friction is an artificial process, the reaction to friction
is a natural process. However, objective observation of the non-spontaneous processes
during friction is impossible. Often, tribofilms are the only evidence of such processes.

This work is part of research aimed at studying tribolayers and their influence on the
friction of aluminum alloys with steel.



Metals 2023, 13, 1936 4 of 23

2. Materials and Methods
2.1. Raw Materials

For the research, eight Al–Sn–Pb–Si–Cu–Zn–Mg aluminum alloys (AA) were used
(Table 1). Tin is the main and most expensive component in aluminum-based antifriction
alloys for plain bearings (Al20Sn1Cu, Al12Sn4Si1Cu, and Al40Sn1Cu) without an antifric-
tion layer. However, such alloys are used only in bimetallic plain bearings due to their
low mechanical properties. To obtain an alloy for monometallic journal bearings in this
study, the tin content was varied from 11.0% to 5.4%, while complex alloying was made to
increase the material’s tendency to self-organize.

Table 1. The composition of the aluminum alloys.

Alloy Composition, % Mass. Impurities, % Mass.
Sn Pb Cu Zn Mg Si Al Ti Fe

AA1 11.0 2.6 3.9 2.6 0.0 0.1 bal. 0.04 0.2
AA2 9.8 2.5 4.5 2.4 1.2 0.6 bal. 0.03 0.3
AA3 9.6 3.2 4.9 4.4 0.3 0.1 bal. 0.02 0.3
AA4 8.7 3.2 3.4 2.9 0.4 0.5 bal. 0.03 0.1
AA5 7.6 3.3 4.0 0.5 0.07 1.0 bal. 0.05 0.1
AA6 6.4 3.0 4.1 1.9 1.4 0.9 bal. 0.03 0.2
AA7 5.8 2.7 4.1 2.3 1.5 1.5 bal. 0.04 0.1
AA8 5.4 2.6 3.5 2.3 1.7 0.8 bal. 0.04 0.1

Bronze 5.1 18.5 bal. 4.9 - 0.1 0.1 - <0.4

Lead, due to its limited dissolution, is prone to segregation in aluminum, and the
predominant formation of low-melting eutectic with tin was introduced in an amount of
2.5–3.2%. According to the state diagram, lead is capable of forming low-melting eutectics
with tin, which promotes sliding when friction conditions become more severe.

An increase in the mechanical properties of the alloys was achieved by alloying with
copper at a level of 3.4–4.9%. Part of the copper enters into a solid solution with aluminum
(up to 0.6%), and the rest of the copper forms a network of CuAl2 solid inclusions due to
non-equilibrium crystallization. Silicon was also introduced to strengthen alloys, improve
castability, and reduce the risk of hot cracks. When the solubility limit in aluminum is
exceeded (0.05%), silicon is released in the form of brittle crystals, reducing the ductility of
the alloy. Therefore, silicon was introduced in the range of 0.1–0.6%.

Zinc is an important alloying element in high-strength aluminum alloys and dissolves
in aluminum up to 8%. It was varied from 0.5 to 4.4% to assess the effect on properties.

Magnesium dissolves up to 1.9% in aluminum, increasing its strength and ductility.
However, above this value, there is a possibility of the formation of intermetallic compounds
such as Mg3Al4 and Mg2Si, among others, characterized by brittleness and hardness. In
view of this, to assess the effect on mechanical and tribological properties, magnesium was
introduced in the range of 0.0 to 1.7%.

Titanium was introduced into the alloy during casting as a degasifier and modificator
for grain refinement.

In addition to the direct effect on the properties, complex alloying of alloys is necessary,
among other things, to increase the likelihood of loss of thermodynamic equilibrium of the
material during friction, which is a necessary condition for self-organization. Therefore,
alloying components with a known effect on properties were selected for the alloy with
contents that provide a compromise between mechanical and tribological properties.

The aluminum alloys were obtained by casting in cast iron forms with the following
heat treatment, explaining the low iron contents. The ingots were machined to produce
“stars” with five friction surfaces with a radius of 20 mm (Figure 2). The friction surface
roughness of aluminum and steel samples before tribological tests was Ra = 0.6–0.8 µm and
was controlled by a Hommelwerke T8000 profiler (Hommelwerke GmbH, Schwenningen,
Germany).
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2.2. Tribological Tests

Tribological experiments were performed according to the shaft-block kinematic
scheme of the friction machine SMC-2 (Tochmashpribor, Ivanovo, Russia) under mixed
lubrication conditions for 40 h at a constant rotation speed of 500 rpm and a load of 617 N
(Figure 2). Apart from aluminum samples, 38HN3MA steel was used as a counterbody
(Table 2), and M14V2 oil was used as a lubricant (Table 3). For reference, commercially
available antifriction bronze Cu–4Sn–4Zn–17Pb (Table 1) was also tested.

Table 2. The composition of the 38HN3MA steel.

38HN3MA Steel

Composition, % Mass.

C Si Mn Ni S P Cr Mo Cu Fe
0.36 0.25 0.35 2.90 <0.025 <0.025 1.0 0.3 0.24 bal.

Table 3. The composition of the M14V2 lubricant.

CH2 S Ca Al Mg Zn Si P Mo Fe Cl

98.3% 1.16% 0.23% 910 ppm 648 ppm 590 ppm 514 ppm 499 ppm 126 ppm 65 ppm 50 ppm

After the tests, the specimens were washed in water and carbon tetrachloride to
remove all the lubricant residues and wear products. The final cleaning took place in an
ultrasonic bath of chemically pure acetone. The aim of this procedure was to expose areas
where non-spontaneous or other important char processes could possibly take place, as
they may be hidden by polymerized films.

The wear of the samples was assessed by weighing on an electronic laboratory balance
GR-300 (A & D, Tokyo, Japan) with a weighing accuracy of up to 0.0001 g. The tests were
carried out three times for each alloy.

2.3. Chemical and Microstructural Characterization

The composition of the alloys after casting was measured by the emission spectrometer
Spectrolab-S (Spectro Analytical Instruments GmbH, Kleve, Germany).

The microstructure of the alloys and friction surfaces was studied using a scanning
electron microscope(SEM), the Tescan Vega 3 (Tescan, Brno, Czech Republic). The ele-
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mental analysis was performed using the X-Act energy dispersive analysis (EDX) detector
(Oxford Instruments, Abingdon, UK) at an accelerating voltage of 20 kV to induce all the
characteristic lines of the main elements.

The friction surfaces of the aluminum alloys were also analyzed using photoelectron
spectroscopy (XPS) by Thermo Scientific K-alpha (Thermo Fisher Scientific, East Grinstead,
UK) with the Al Kα source to study bonds. All the samples were preliminarily cleaned by
100 nm depth Ar+ ion etching at 4 keV with a 45◦ incidence angle. The sputtering rate was
estimated by measuring time spent on 1 µm depth erosion. The latter was measured by
scanning electron microscopy.

3. Results and Discussion
3.1. Tribological Behavior of the Alloys

The main registered tribological parameters included the coefficient of friction (CoF),
linear wear of the AA block, and wear loss of the roller (Table 4). The latter two values
were taken as criteria to compare the tribofilms of the best aluminum alloy AA7 and the
worst AA4 alloy.

Table 4. The results of the tribological tests.

Alloy Tribological Parameters
Steel Wear, mg Linear Wear of the Alloy, mm CoF

AA1 0.6 ± 0.1 0.0025 ± 0.0004 0.020 ± 0.003
AA2 0.7 ± 0.1 0.0015 ± 0.0003 0.015 ± 0.002
AA3 2.1 ± 0.3 0.0042 ± 0.0007 0.019 ± 0.003
AA4 0.8 ± 0.1 0.0051 ± 0.0006 0.022 ± 0.002
AA5 0.8 ± 0.1 0.0011 ± 0.0002 0.026 ± 0.004
AA6 1.0 ± 0.2 0.0019 ± 0.0004 0.014 ± 0.002
AA7 0.6 ± 0.1 0.0008 ± 0.0002 0.018 ± 0.003
AA8 0.7 ± 0.1 0.0011 ± 0.0002 0.017 ± 0.003

Bronze 4.0 ± 0.3 0.0017 ± 0.0003 0.016 ± 0.004

The wear values were correlated with the content of the soft inclusions, indicating
the removal of white metals as the main wear mechanism. The more tin in the alloy, the
higher the wear (Figure 3a). Hard inclusions contributed to the wear resistance of the alloy
(Figure 3b).
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3.2. The State of Material before Friction

Self-organization processes and tribofilms are sensitive to testing environments and
rigs. Since the formation of tribofilms is a response of the system to certain friction condi-
tions, the running-in stage and experiments should be carried out under conditions closest
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to reality. The tribopair must adequately reproduce the operating conditions of the shaft
and the journal bearing in terms of load, lubrication, speed, distance, geometry, contact area,
and temperature [37]. Therefore, express tests such as scratching are not representative.

To track the tribofilm formation processes, the microstructure of the aluminum alloys
before friction was studied. All the alloys shared one microstructure, as presented in
Figure 4. The matrix contained solid inclusions based on copper (CuAl2, θ-phase) and
silicon. There were also soft inclusions based on tin, lead, and their eutectics.
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3.3. SEM Analysis

The friction surface of the AA7 is presented in Figure 5. Tin and lead were spread
generously over the surface (Figure 5c,g). The raised content of O and C was also detected
by EDX (Figure 5i,j). Apart from air, lubricant is the main source of these elements. By
polymerizing on the surface, the lubricant became the basis for the tribofilms. Further-
more, areas with increased concentrations of magnesium up to 13% mass were observed
(Figure 5d). Before friction, there was only 0.2–0.4% mass of magnesium uniformly dis-
solved in the matrix and soft inclusions. Therefore, it could be suggested that magnesium
is capable of precipitating from the aluminum matrix. These areas were also enriched with
oxygen and carbon. EDX maps of sulfur and lead shared the same pattern, indicating the
possibility of creating a new bond after friction. The EDX results for the whole visible area
are given in Table 5. Intensive smearing of tin and lead stands behind the increased content
of soft metals on the friction surface.

Despite having more soft inclusions, AA4 demonstrated the lowest wear resistance.
Soft metals were removed during friction, which resulted in more severe friction. This is
evidenced by cavities, the bottoms of which are shaped by aluminum matrix grains. The
size of the cavities corresponds to the dimensions of soft inclusions before friction (Figure 6).
The extrusion of tin on the surface was caused by temperature and plastic deformation.
The temperature could increase and contribute to the plasticity of the metals in the local
areas due to a larger number of seizure centers. The exposed surfaces of the alloy were
oxidized, as evidenced by the brittle fracture. Thus, the removal of soft metals was the
main mechanism of wear loss for the AA4 alloy.
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Table 5. The results of the EDX analysis of the AA7 friction surface.

Object Elements Composition, % Mass.
Al Sn Pb Cu Si Zn Mg C O Fe S Ca

Surface before friction 77.7 3.7 2.1 2.9 1.8 2.2 0.3 5.1 3.9 - - -
Surface after friction 39.5 3.9 4.7 2.0 0.4 1.5 0.6 31.3 15.5 0.2 0.3 0.1

Change, % 50.8 105.4 223.8 69.0 22.2 68.2 200 611.8 397.4 - - -
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More severe friction caused the formation of tribofilms that were different from the
AA7 alloy. Firstly, there are areas with increased zinc concentrations instead of magnesium
(Figure 7). This is attributed to the initial alloying of materials. The AA4 alloy contained
4.5 times less magnesium. In addition, the copper-based array is more pronounced in the
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alloy, which takes on the load of the counterbody, increasing wear resistance. It also gives
relief to the friction surface and performs the lubricant-retaining function.
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3.4. XPS Analysis

While EDX gives important information on element composition and their local
arrangement, XPS extends knowledge on tribochemical processes by providing data on
new bonds formed after friction. However, the results can be compared only qualitatively
because EDX collects data up to 3 microns deep, while XPS is a surface-sensitive technology
that involves only up to 30 atomic layers, depending on the material. This factor is critical
for studying tribofilms.

Compared to the initial state, both alloys had significant changes (Figure 8). As
expected, the intensity of the oxygen and carbon peaks increased a lot due to interaction
with the lubricant and air. In addition, the Fe peak (~707.6 eV) demonstrated intensive
mass transfer of steel debris from the counterbody.

A considerable difference is observed in the 1304.3 eV region, which stands for magne-
sium and its bonds. Before friction, the peak was small. However, a strong peak is already
observed on the friction surface of the AA7 alloy, the intensity of which is an order of
magnitude higher. The intensity of the magnesium peak in the AA4 is comparable to the
state before friction. It confirms the conclusion about magnesium precipitation in AA4 and
supports the EDX results.

In contrast, the AA4 alloy demonstrated the highest Zn peak at 1021 eV. In contrast to
the AA7 alloy, zinc precipitated from the solid solution, although to a lesser extent than
magnesium in AA7.

AA7 had a significant intensity of the tin peak (~485 eV) due to its smearing over the
surface. Because of this, the aluminum peak (~75 eV) is less pronounced since a significant
area was covered with soft metals. In the AA4, due to more intense friction and active
consumption of soft structural components, the tin peak is smaller, and lead (~138 eV) is
found on the surface to a greater extent.

For a more detailed study of the tribochemical transformations, high-resolution XPS
spectra of the detected elements were obtained. Figure 9a shows the photoelectron spec-
trum of aluminum Al 2p. In the initial state, upon decomposition of the X-ray spectral
contour, four peaks are observed with binding energies of 72.9 eV and 73.3 eV, identified as
aluminum, and 75.7 eV and 76.2 eV, corresponding to aluminum oxide Al2O3.
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After friction, the main aluminum peak was observed at 73.9 eV. The splitting between
this and the nearest peak was 0.7 eV, which corresponds to the Al2O3 compound for the
second peak. However, the Al2O3 doublet is no longer observed (75.7 eV and 76.2 eV). In
the first case, the aluminum carboxylic compound Al–OC in various stoichiometry is most
likely formed [38]. Presumably, this led to a shift towards lower energies of the fourth peak
with a binding energy of 75.7 eV, corresponding to aluminum oxide. Also, this peak can be
interpreted as a compound of CaAl2O4 [39].

Changes were also detected for copper (Figure 9b). In the initial state, the dominant
compound was CuAl2 coated with an oxide film (CuO, ~932.9 eV). After friction, the
932.6 eV and 933.1 eV peaks were found in the AA4 alloy. The first was identified as
copper oxide II, Cu2O [40]. Peaks at 933.1–933.2 eV can be identified as tricopper stannide
Cu3Sn [41]. Normally, it would also be taken as Cu2O or Cu0. However, copper oxide
already exists as a 932.6 eV peak, while the appearance of metal copper is hard to suggest
after intense friction. The system contains both elements needed to make such a compound.
Furthermore, if the thermodynamic equilibrium is lost, such reactions may take place at
different conditions compared to the normal state.

In the AA7 alloy, the peaks were shifted towards higher energies. The peak at 933.7 eV
was identified as CuO [42]. The peak at 936.1 eV also corresponds to the Cu2+ state and
was identified as CuO [43]. Copper fluoride, CuF2, is also reported to have this binding
energy [44]. However, there are no sources of fluorine in the tribosystem. Thus, in general,
in all alloys, copper and inclusions based on it undergo oxidation. Due to more intense
friction in the AA4 alloy, an intermetallic compound, Cu3Sn, was found, which, according
to Franke et al., is formed according to the following Formula (1) [45]:

3Cu + Sn 676 ◦C−−−→ Cu3Sn (1)

This reaction may be the result of diffusion in the solid state. With intense friction, ele-
vated temperatures, and large loads, the flow conditions can shift towards more achievable
ones, making the reaction possible. The diffusion process includes the mutual diffusion of
Cu and Sn atoms on a microscopic scale, which leads to the formation of Cu3Sn compounds
at the interface. This compound is used in the form of solid inclusions in B83 babbitt and
has a positive effect on reducing wear intensity as a hard inclusion [46].

The deconvolution of the Sn 3d5 high-resolution spectrum of tin in the initial state
revealed the presence of two Gaussians (Figure 10a). The most intense peak had a binding
energy of 484.7 eV, which corresponds to metallic tin [47]. Partially, tin is found in the form
of SnO2 (487.1 eV) [48]. The AA7 alloy inherited the same pattern after friction (Figure 10a).
Metallic tin remained at 484.7 eV with a higher intensity. The SnO2 peak shifted to 487.2 eV.
Its intensity was raised, and the full width at half maximum (FWHM) parameter was also
broadened from 1.8 eV to 2.7 eV, suggesting the presence of tin in bonds different from
Sn (IV).

For the AA4, the fitting of the XPS spectra revealed a different pattern (Figure 10a).
The binding energy of metallic tin remained at the same level of 484.7 eV but suffered a
twofold decrease in intensity and became the lowest. Tin (IV) oxide, with a binding energy
of 487.2 eV, prevails on the friction surface. In addition to these two states of tin, a peak
with a binding energy of 488.6 eV was also found. It was interpreted as tin dioxide SnO2 as
the most likely compound and closest to the ones described in the literature.

When taking the XPS spectrum of lead in the 4f range, a doublet of Pb (4f7/2 and
4f5/2) is observed (Figure 10b). Before friction, the most intense component, Pb 4f7/2, of the
spectral contour had a 136.6 eV peak, representing metallic lead Pb0 [49]. The second peak
was much less intense and had a binding energy of 137.7 eV. It covered a wide binding
energy range, with an FWHM parameter of 2.9 eV. This peak corresponds to lead oxides in
different stoichiometry, but it is hard to distinguish a specific one.
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In contrast to tin, lead in the AA4 alloy was less smeared over the surface, which
affected the XPS spectrum (Figure 10b). The metallic lead maintained the binding energy
and FWHM and showed higher intensity on the spectrum. The lead oxide line was shifted
to greater energies of 139.2 eV, while FWHM increased by 0.5 eV. After friction, the list of
lead oxides could be rebalanced, affecting the XPS results in this way.

The XPS spectrum of lead in the 4f7/2 region of the AA7 alloy differed significantly
(Figure 10b). Its deconvolution resulted in three peaks. First, there was a spectral line
of metallic lead, the extremum of which retained the binding energy of 136.6 eV and the
FWHM parameter. The most intense component was the line, with a peak at 137.7 eV.
The line had a much smaller FWHM parameter than in the initial state—1.5 eV, which
made it possible to interpret it as a PbO compound [50]. The presence of other oxides
was possible due to the higher binding energy. However, lead (II) oxide was determined
to be dominant. The third least intense spectrum had a binding energy of 137.5 eV, also
indicating the presence of lead Pb2+. The analysis of the 4f5/2 doublet revealed the 4.9 eV
(137.5 eV and 142.4 eV) splitting between these peaks. Bond energies and peak shift values
are the references for determining the PbS phase [51,52]. Thus, these findings support the
EDX results. Like Cu3Sn, PbS is formed at temperatures >600 ◦C when these components
come into contact in the system.

The high-resolution spectra of zinc of all samples shared one pattern (Figure 11a). In
the initial state, the ZnO compound dominated on the surface, as evidenced by the peak
with a binding energy of 1022.1 eV in the 2p range, which is common for Zn2+ ions [53].
The second peak was half as intense and had a binding energy of 1022.7 eV, indicating the
presence of metallic zinc [54]. After friction, both samples showed a significant increase
in the zinc content on the friction surface. In the alloy AA7, their ratio is approximately
1:1. On the one hand, zinc could be transferred from the lubricant (Table 3). In this case,
being free or in a covalent bond, the zinc peak would have been found at lower energies of
1021.6–1022.0 eV. However, zinc peaks were only found at higher binding energies, proving
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that zinc was in a metallic bond in the solid solution. Moreover, combined with EDX results,
the content of zinc on the surface was beyond the solubility of aluminum, which suggests
the non-spontaneous process of zinc precipitation during friction.
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The magnesium spectrum at the Mg 1s line in the aluminum alloy before friction
had one peak with a binding energy of 1304.1 eV, presenting the magnesium ion Mg2+,
namely, the MgO oxide (Figure 11b) [55]. Extensive changes were detected on the AA7
friction surface. The approximation of the spectrum resulted in three lines. In addition
to the initial MgO peak, a new one at 1303.2 eV was observed, which was identified as
Mg0 [56]. Another peak had a binding energy of 1305.0 eV, which is typical for magnesium
carbonate MgCO3 [57]. In the AA4 alloy, the spectrum of magnesium oxide remained
dominant, while the peaks related to magnesium and magnesium carbonate had a much
lower intensity.

Since the other objects in the tribosystem contained no magnesium, the increase in the
intensity of free magnesium cases cannot be explained by mass transfer. Therefore, this is
magnesium from the aluminum alloy, which was not fully oxidized. Given that magnesium
strongly tends to oxidize, the process could be prevented by a polymerized tribofilm that
protects magnesium from contact with air. Furthermore, to form the MgCO3 compound,
free magnesium is necessary in the system, which was absent in sufficient quantity. Thus, it
could be concluded that magnesium precipitates during friction from the solid solution
with the following reaction with oxygen and carbon.

Fitted carbon spectra at the C1s line revealed the main peak at 285.5 eV, indicating
the presence of C–C phases (Figure 12a). On the surface before friction, carbon is also
detected with a maximum binding energy of 288.3 eV, showing a relatively small amount
of its oxide forms. After the tests, the number of carbon bonds in both alloys rose. Firstly,
the presence of C–OH hydrocarbon groups with a binding energy of 287.1 ± 0.3 eV was
detected, the intensity of which is noticeably higher in the AA4 alloy. It is directly related
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to the oxidation of lubricant residues based on hydrocarbon CH2 in the microcavities of
the surface. The presence of carbonyls (C=O) with a binding energy of 289.7 eV was also
observed [58]. The least intense line of the spectrum had a peak at a binding energy of
291.1 eV and can be interpreted either as a π–π satellite, a CF bond [59], a C–H bond [60],
or carbon in a CO3

2− bond [61]. The latter case supports the opinion on the presence of
MgCO3, while peak intensity correlates with its small content. Thus, it can be concluded
that during friction, intense polymerization takes place. Considering the amount of carbon
in the tribosystem, it can be assumed that the tribofilms based on polymerized material
become the first friction surface after the running-in stage.
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The XPS spectrum of oxygen O1s in the initial state showed the presence of metal
oxides at 529.9 eV (Figure 12b). It appears to be linked to the aluminum oxide film. The
presence of other oxides of copper, tin, lead, and other metals explains the shift to lower
energies. The second line in this spectrum was less intense, had a binding energy of
531.3 eV, and corresponded to various C–O compounds. The O1s spectrum of the AA7
alloy after friction, as in the case of carbon, showed significant oxygen saturation of the
surface. After deconvolution, three significant spectra were identified with peak binding
energies of 529.5 eV, 530.3 eV, and 531.3 eV. The first one stands for various metal oxides,
mainly tin, lead, copper, and other alloying elements. The exception is the most intense
peak of an aluminum oxide, which was found at 530.3 eV (Figure 12b). Furthermore, the
content of C–O bonds and carbonates increased a lot, as evidenced by the peak at 531.3 eV.
Interestingly, the Al2O3 peak had the lowest intensity. Smeared soft metals covered large
areas of the Al matrix. It may also suggest the formation of polymerized films on the
surface, blocking the XPS signal. The XPS spectrum of the AA4 alloy is characterized by
a similar set of chemical states of oxygen. This signifies a diminished distribution of soft
inclusions and polymerized films throughout the surface, aligning with the EDX results.
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Analogous to the other primary constituents of the alloy, prior to experiencing surface
friction, silicon predominantly existed in two distinct forms: the elemental state Si0 and the
oxidized form Si+4. The latter is attributable to the generation of an oxide layer composed
of silicon dioxide. This is indicated by two lines in the high-resolution Si 2p spectrum with
binding energies of 98.9 eV (Si0) and 103.6 eV (SiO2) (Figure 13a). In both alloys, after
friction, silicon underwent total oxidation, and its metal form was no longer observed. SiO2
is a harder compound, contributing to the wear resistance of the alloys. At the same time,
being brittle, silicon dioxide tends to generate debris acting as abrasive particles.
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Figure 13. High-resolution XPS spectra of (a) Si and (b) S.

Sulfur was absent on the surface of the alloys before friction and was found only
on friction surfaces, where it was transferred from the lubricant. A study of the high-
resolution spectrum of the AA4 alloy made it possible to identify a sulfur peak with a
binding energy of 162.1 eV on the characteristic S 2p1 line, as well as a doublet on the S
2p3 line with a binding energy of 169.8 eV, which is typical of elemental sulfur (Figure 13b).
The deconvoluted XPS spectra of the AA7 alloy showed one more peak at 163.2 eV on the
S 2p1 line and a peak at 171.2 eV on the S 2p3 line. This binding energy was reported for
sulfides of various metals [62], including PbS. It confirms the possibility of lead sulfide
formation in the tribofilms of the AA7 alloy.

All changes detected by XPS in the alloys after friction compared to the initial state
are presented in Table A1. In total, before friction, the alloy elements, carbon and oxygen,
formed an average of 16 compounds; after friction, this number increased to 24 (Table A1).

To study the tribofilms in depth, XPS with stepwise ion etching was used. Figure 14
presents the concentration profiles of the elements for both alloys.
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The surface layer of the AA7 alloy is largely composed of carbon, oxygen, and their
compounds (Figure 14a). At 50 nm depth, their concentrations change approximately
equally, and after 100 nm, a more intense drop in carbon concentration is observed. The
turning point is observed at a depth of 500 nm when the oxygen concentration begins
to exceed the carbon concentration. Both curves are equally decreasing up to 100 nm,
which may indicate a quantitative change in a composition consisting of one set of C–O
compounds, for example, a polymerized material. This is indirectly confirmed by the
change in aluminum concentration that increases sharply after 50 nm. A stable growth in
aluminum concentration starts at a depth of 75–80 nm.

Soft metals had the highest concentration on the surface due to intense smearing.
There is also a consistent increase in the concentrations of magnesium and zinc. Copper
was the only alloying component, the content of which decreased towards the surface.

Elements from the lubricant, such as sulfur, sodium, and others, were only detected
on the surface no deeper than 100 nm, except calcium.

In Figure 14a, it was attempted to distinguish three characteristic areas:

1. Polymerized tribofilm, saturated with alloy elements and lubricant additives (I);
2. A transition layer of aluminum oxide enriched with alloy elements (100–500 nm) (II);
3. Plastically deformed matrix (>500 nm) (III).

Oxidized aluminum is typical for each area, as constant deformation and scratching
in contact with air take place. The first layer was formed by the polymerization of the
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lubricant. Its formation was preceded by the formation of a second layer directly in the alloy,
into which some elements were transferred. The formation of the third layer was caused by
cold hardening due to shear stresses and deformation, and the oxidation processes were
secondary. This layer had increased bearing capacity and hardness to resist deformations.

In the AA4 alloy, carbon remains a predominant element up to 100 nm depth (Figure 14b).
From 300 nm to 750 nm, the concentration lines of oxygen and aluminum follow each other,
indicating the presence of Al2O3. In contrast to lead, tin is almost absent on the surface,
and its concentration gradually increases with the depth of research. Zinc and magnesium
also had increased concentrations at the surface, but their maximum content is found at
some depth from the surface: 75 nm for zinc and 500 nm for magnesium.

Thus, the AA4 tribofilm includes a bit different set of layers (Figure 14b):

1. A polymerized tribofilm (<50 nm) (I);
2. A polymerized and oxidized material (50–300 nm) (II);
3. An aluminum oxide enriched with alloy components and lubricant additives

(300–750 nm) (III);
4. A plastically deformed matrix (>750 nm) (IV).

Both alloys are characterized by mass transfer of the alloy elements to the surface
(zinc and magnesium), which not only involves them in the formation of the tribofilms but
also increases the hardness of the aluminum matrix along with plastic deformation due to
dispersion strengthening.

Thus, there are several aspects responsible for the tribological properties of aluminum
alloys. These include self-lubrication due to the smearing of soft metals. Hard copper-based
inclusions provide oil-retaining relief. Elastoplastic deformation of the surface layer is one
of the ways friction energy dissipates. However, the total energy consumption during
friction cannot be compensated only by deformation in the surface layers [63]. Therefore,
tribochemical processes play an important role in energy dissipation.

Under conditions of mixed friction, zones of high pressure and elevated temperature
are formed in the contact zone of surfaces for a short time, which leads to the destruction
of the lubricant. As a result, the process of polycondensation occurs when additives,
for example, dimer acids, glycols, and other monomers dissolved in the hydrocarbon
environment of mineral oils, form long chains of molecules or a polymer film [64,65]. The
process involves a change in the state of aggregation of a substance from a liquid to a
solid film and, therefore, is accompanied by a decrease in entropy. As the tribopolymer
film forms, the intensity of friction in a local area decreases due to limiting the contact of
metal surfaces. At the same time, the tribosystem is capable of supporting the process of
tribopolymerization. As the polymer wears out, the intensity of friction increases, and
so does temperature, which leads to the formation of a new polymer film. Its formation
on the surface is due to chemisorption due to the attachment of active radicals of the
high-molecular compounds to the metal.

The subsurface layer to a depth of at least 1 µm undergoes elastoplastic deformation
during friction, which is characterized by the movement and accumulation of vacancies
and dislocations in this area [66]. The dislocation density is one to two orders of magnitude
greater than in the equilibrium state. Moreover, surface deformation can reach a significant
value without destruction, provided that a fragmentary dislocation structure is formed.
The formation of fragments is a spontaneous process in which the density of dislocations
along the boundaries is several orders of magnitude higher than the density of dislocations
inside the fragments. With further deformation, dislocations move along the boundaries.
Ceteris paribus, such inhomogeneity leads to a decrease in entropy and an increase in the
free energy of the deformed area compared to the fragmentless state, which corresponds to
self-organization [67,68]. Earlier, it was shown that dislocation glide plays an important role
during the friction of Hadfield steel [69], another material capable of a non-spontaneous
process of austenite to martensite transition under mechanical impact with high dislocation
density that generates a short-range stress field promoting strain hardening.
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The constant physical impact caused an interatomic bond rupture in the crystal lattice,
which led to mechanical activation and increased reactivity. Exposed surfaces are passivated
quickly by an oxide film formation. The chains of accumulated microstructural defects
became another channel for the diffusion of the elements transferred to the alloy.

The formation of carboxylic compounds in metals, in particular aluminum, can be
considered the result of mechanical activation. Such compounds have great hardness and
wear resistance.

High mechanical stresses, increased density of vacancies and dislocations, destruction
of interatomic bonds, and the resulting temperature gradient caused the loss of thermody-
namic equilibrium of the surface layer of the alloys. This volume of material is the main
area of dissipation of the friction energy. Part of this energy is consumed by linear processes
such as thermal conductivity, triboluminescence, electron emission, plasma formation,
electrical conductivity, and others. Excess energy may result in seizures of the rubbing body
or self-organization through tribolfilm formation. A non-equilibrium state is a necessary
condition for self-organization during friction that shifts the constants of chemical reactions
and increases chemical activity. For instance, XPS analysis revealed some metal oxides that
had unusual binding energies. This could be caused by the presence on the surface of stable
oxides of non-stoichiometric composition, which were also formed as a result of friction.

One of the main features of the formed tribofilms was the precipitation of magne-
sium on the friction surface, which was initially present only in the solid solution with
aluminum and soft inclusions. Having low electronegativity, magnesium was instantly
oxidized. Further mechanical activation in a carbon-rich environment during friction led to
MgCO3 formation.

The aluminum alloys were produced by casting with the following annealing. There-
fore, the alloys were in an equilibrium state. After friction, areas with increased Mg and
Zn concentrations above the solubility threshold were observed, confirming that a non-
spontaneous process of precipitation took place. Comparing the wear of the two alloys, it
can be concluded that the Mg-related process is more beneficial for wear reduction than
the Zn-related process. This is due to the initial difference in magnesium alloying: the
AA7 alloy contained 1.5% Mg, while the AA4 alloy contained only 0.5% Mg. Thus, the
wear intensity of the alloys may be linked to the ability of magnesium to precipitate from a
solid solution.

The AA4 tribolfilm contains an increased content of zinc. The solubility of zinc in
aluminum is less than 4%. It also indicates that there was a supersaturated solid solution
with zinc on the surface. That fact proves the non-equilibrium state of the alloys necessary
for self-organization. Given the worst wear rate of the AA4 sample, it is hard to claim that
zinc precipitation is insufficient to reduce the wear rate. Less pronounced, this phenomenon
was observed in the AA7 alloy as well. Therefore, this process is typical for the alloys and is
initiated during self-organization during friction. However, for wear reduction, magnesium
precipitation is favorable. Thus, it can be concluded that self-organization in alloys can
occur in different ways and depends on the initial composition of the components and their
quantitative ratio.

The precipitation of the elements is preceded by a destabilization of the equilibrium
of the surface layer due to an increase in the concentration of these elements due to the
diffusion of atoms. A part of the mechanical energy generated during friction turns into
thermal energy, causing heating of the contacting area. Due to high heating and cooling
rates, temperature gradients are formed that intensify the existing stress fields. Significant
diffusion flows of atoms arise in depth when atoms move from one equilibrium position
at the nodes of the crystal lattice to another. The thickness of the region of diffusion
movement can reach tens of microns [70]. The resulting diffusion vector is directed towards
the maximum values of temperature and pressure, i.e., towards the contact of rubbing
surfaces. Vacancies in the surface layer have a positive effect on the intensity of diffusion
transitions. This also leads to the combination of several individual point defects into one,
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which is thermodynamically beneficial since it is accompanied by a decrease in the Gibbs
free energy in the system.

4. Conclusions

Under conditions of mixed friction with steel according to the kinematic shaft-block
scheme, seven experimental aluminum alloys with different tin contents were studied. The
tribofilms of the alloys that showed the best and worst tribological properties were studied
by EDX and XPS to analyze the changes that occurred during friction and evaluate their
influence on wear rate.

Following friction, a total of eight novel bonds with alloy components were identified
on the surface. Specifically, the formation of regions containing a supersaturated solid
solution of aluminum combined with magnesium (AA7 alloy) and aluminum with zinc
(AA4 alloy) was verified, along with the subsequent precipitation of these elements from
the solid solution. These processes are not spontaneous and contribute to a reduction in the
wear rate.

After friction, tricopper stannide and lead sulfide in the tribofilms were found. Nor-
mally, these reactions require a temperature >600 ◦C. Such a temperature on the friction
surface was not achieved. Therefore, the formation of these compounds is also a result of
non-spontaneous processes.

The friction surface and the subsurface layer acted as a gradient structure. A poly-
merized lubricant layer covered the solid alumina and formed the basis of the tribofilm.
This layer was in direct contact with the steel counterbody, reducing the seizure probability.
Lower, there was a zone where tribochemical processes and the diffusion of elements to the
surface occurred. Next, a plastically deformed layer with increased hardness was observed.

Thus, the adaptation of material during friction goes not only through mechanical
running-in but also through self-organization processes and tribofilm formation. Owing
to this ability, the AA7 aluminum alloy showed two times higher wear resistance and
7.5 times less counterbody wear than the antifriction bronze.
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Appendix A

The list of bonds found by XPS analysis in tribofilms of both the AA7 and AA4 alloys
is presented in Table A1.
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Table A1. The results of the XPS study of the AA7 and the AA4 alloys.

Alloy Line

State
Before Friction After Friction

Binding Energy, eV Compound Content, % Mass. Binding Energy, eV Compound Content, % Mass.

AA7

Al 2p
72.9 Al0 12.57 72.9 Al0 4.21
75.7 Al2O3 49.24 75.7 Al2O3 3.54

- 74.6 Al–OC 1.87

C 1s

285.7 C–C 7.88 285.7 C–C 26.41
288.3 C–O 2.64 287.1 C–OH 3.22

- 288.3 C–O 8.74
- 289.5 C=O 4.79
- 291.1 O=C–O 3.53

Sn 3d
484.8 Sn0 1.33 484.8 Sn0 5.34
487.1 SnO 1.22 487.1 SnO 3.10

Pb 4f
136.6 Pb0 0.89 136.6 Pb0 4.61
137.7 PbOx 1.10 137.7 PbO 6.45

- 137.5 PbS 1.62

Zn 2p 1022.7 Zn0 0.42 1022.7 Zn0 0.79
1022.1 ZnO 0.10 1022.1 ZnO 0.29

Mg 1s
1304.1 MgO 0.40 1304.1 MgO 2.15

- 1303.1 Mg0 1.00
- 1305.0 MgCO3 1.12

Cu 2p 932.9 Cu2O 1.17 933.7 CuO 0.73
- 936.1 CuO 0.32

Si 2p 99.8 Si0 0.84 103.6 SiO2 0.59
103.8 SiO2 2.52 -

O 1s
530.1 Me–O 12.33 529.5 Me–O 6.04
531.5 C–O 2.95 530.3 Al2O3 2.09

- 531.3 C–O, C=O 5.09

AA4

Al 2p
72.9 Al0 11.31 72.9 Al0 6.26
75.7 Al2O3 45.75 75.7 Al2O3 3.42

74.6 Al–OC 1.94

C 1s

285.7 C–C 7.88 285.7 C–C 26.21
288.3 C–O 2.64 287.1 C–OH 4.67

- 288.3 C–O 7.91
- 289.5 C=O 3.77
- 291.1 O=C–O 2.42

Sn 3d
484.8 Sn0 2.15 484.8 Sn0 0.29
487.1 SnO2 1.86 487.1 SnO2 0.43

- 488.0 SnO2 0.38

Pb 4f
136.6 Pb0 1.05 136.6 Pb0 6.07
137.7 PbOx 1.66 139.4 PbOx 2.95

Zn 2p 1022.7 Zn0 0.81 1022.7 Zn0 1.41
1022.1 ZnO 0.24 1022.1 ZnO 1.36

Mg 1s 1304.1 MgO 0.33 1304.1 MgO 0.43
- 1303.1 Mg0 0.11

Cu 2p 932.9 Cu2O 1.34 932.6 Cu/Cu2O 1.17
- 933.1 CuO 2.11

Si 2p 99.8 Si0 0.94 103.6 SiO 1.37
103.8 SiO2 2.11 -

O 1s
103.8 SiO2 2.46 529.5 Me–O 5.73
530.1 Me–O 13.34 530.3 Al2O3 10.40
531.5 C–O 2.16 531.3 C–O, C=O 7.04
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