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Abstract

The research focuses on the preparation, microstructure, and tribological properties
of AlSi10Mg composites, reinforced with 10 wt.% TiB2 particles and 2 wt.% graphene
nanoplatelets (GNPs). The composites were prepared using the “Spark Plasma Sintering”
(SPS) method to achieve high density and maintain the integrity of the added phases. Mi-
crostructural analysis confirmed the successful incorporation of TiB2 and GNPs into the alu-
minum matrix. The addition of TiB2 led to an increase in hardness and wear resistance. The
addition of GNPs resulted in a further increase in hardness, a decrease in wear rate, and a
significant reduction in the friction coefficient. Surface analysis revealed that the GNPs cre-
ate a continuous and stable friction layer on the contact surface during the sliding test. This
layer effectively prevents direct metal-to-metal contact, thereby changing the dominant wear
mechanism from abrasive and adhesive to delamination, which reduces friction losses.

K e y w o r d s: aluminum matrix composites, TiB2, graphene nanoplatelets, spark plasma
sintering, wear

1. Introduction

The increasing demand for reducing energy con-
sumption and extending the service life of mechanical
systems in the automotive, aerospace, and manufac-
turing industries is driving the development of new
lightweight materials with excellent mechanical and
tribological properties [1]. Aluminum Matrix Compos-
ites (AMCs) are particularly promising in this regard
due to their low density, high specific strength, good
thermal conductivity, and the ability to tailor prop-
erties by adding reinforcing phases [2]. The AlSi10Mg
alloy is one of the most widely used matrices for AMCs
due to its excellent castability, weldability, and favor-
able response to heat treatment, and is also widely
used in additive manufacturing [3]. However, it does
not have sufficient wear resistance on its own for many
demanding applications. To improve wear resistance,
hard ceramic particles such as SiC, Al2O3, or TiB2
are commonly added to aluminum alloys. Titanium
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diboride (TiB2) is considered a particularly suitable
reinforcement due to its extreme hardness, high elastic
modulus, thermodynamic stability, and good wetting
by molten aluminum [4]. Many studies have confirmed
that the addition of TiB2 particles effectively increases
the hardness and abrasion resistance of aluminum
composites by allowing the hard particles to carry the
load and protect the matrix [5]. However, the presence
of these hard particles often leads to a high coefficient
of friction (COF) and can cause severe abrasive dam-
age to the opposing sliding body. To address this prob-
lem, the concept of self-lubricating materials, where a
solid lubricant phase is added in addition to the hard
reinforcement, is emerging. Graphene nanoplatelets
(GNPs) have proven to be an ideal candidate due to
their unique two-dimensional structure in which atoms
are arranged in a single or few atomic layers with
strong in-plane bonds but weak out-of-plane interac-
tions, which allows easy sliding between layers, excel-
lent mechanical strength, and high thermal conductiv-
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ity that helps to remove heat from the contact zones
[6]. The addition of GNPs to metal matrices can dra-
matically reduce the friction coefficient and wear rate
by forming a protective and self-lubricating friction
layer (tribolayer) on the worn surface [7]. The combi-
nation of hard ceramic particles and a two-dimensional
material that reduces friction and wear by providing
an easy shear plane between sliding surfaces in a sin-
gle matrix leads to the creation of so-called hybrid
composites, which can synergistically combine the ad-
vantages of both types of reinforcement: high wear
resistance and low friction [8]. However, the manufac-
turing process is crucial for the success of such mate-
rials. Spark Plasma Sintering (SPS) is an advanced
powder metallurgy technique that utilizes pulsed di-
rect current and uniaxial pressure to consolidate pow-
ders rapidly. Short sintering times and lower tempe-
ratures compared to conventional methods enable the
production of materials with high density and a fine
microstructure, while minimizing unwanted chemical
reactions at the matrix-reinforcement interface. This
is particularly important for preserving the structure
and functionality of graphene [9]. Although studies fo-
cusing on Al-TiB2 or Al-GNPs composites exist, sys-
tematic research on the AlSi10Mg-TiB2-GNPs hybrid
system prepared by SPS and a detailed analysis of its
tribological mechanisms are still limited [10]. There-
fore, this work aims to prepare the AlSi10Mg-10TiB2-
-2GNPs hybrid composite by the SPS method, sys-
tematically investigate the effect of GNPs addition on
the microstructure, hardness, and tribological proper-
ties (friction and wear), and clarify the wear mecha-
nisms with emphasis on analyzing the formation and
function of the self-lubricating graphene friction layer
on worn surfaces.

2. Materials and methods

The AlSi10Mg powder raw alloy, with particle sizes
ranging from 20 to 56 µm, was supplied by ECKA
Granules Germany GmbH (Velden, BY, Germany),
and it contained 10 wt.% TiB2 (2–6 µm powder with
a purity of 99 %, Höganäs) has been used as the base
material. The above powders were mixed with the ad-
dition of 2 wt.% of GNPs (graphene nanoplatelets ag-
gregates with a specific surface area 500m2 g−1, sub-
micron particles powder, Alfa Aesar). The mixing pro-
cess was performed using a three-dimensional mixing
device, “Turbula”. All powders were milled with a ro-
tation speed of 50 rpm for 2 h. Finally, the mixtures
were sintered using Spark Plasma Sintering (SPS) (HP
D 10SD, FCT Systeme, Frankenblick, Germany) at a
temperature of 500◦C for 10 minutes with an uniaxial
pressure of 50MPa (16 kN). The sintered compacts
were disc-shaped, measuring 20mm in diameter and
approximately 4 mm in height. The sample surfaces

were then ground and mechanically polished. The den-
sities of the sintered samples were measured by the
Archimedes hydrostatic weighing method. The hard-
ness was determined by the Vickers method. The XRD
measurements were performed on a laboratory X-ray
diffractometer (Philips X’Pert Pro) using the Bragg-
Brentano geometry. A Co X-ray source was employed,
with wavelengths Kα1 = 0.178897 nm and Kα2 =
0.179285 nm, and an intensity ratio ofKα1/Kα2 = 0.5.
Data were collected with a step size of 0.033◦ and a
counting time of 30 s per step. The local microstruc-
tures were analyzed using a Scanning Electron Micro-
scope (SEM) (JEOL JSM-7000F, Nieuw-Vennep, The
Netherlands) in backscattered electron (BSE) mode.
Tribological tests were conducted on an automatic tri-
bometer (HTT CSM Instruments, Switzerland) under
rotational dry sliding conditions, employing a ball-
on-disc configuration at room temperature and atmo-
spheric pressure. A 6mm diameter ZrO2 ceramic ball
and a 100Cr6 steel ball were used as the friction coun-
terpart. All tests were performed with a 0.25 and 0.5 N
normal load, a sliding velocity of 0.1m s−1, and a total
sliding distance of 100m.

3. Results and discussion

3.1. Sintering regimes

The graphs in Fig. 1 show process parameters dur-
ing SPS for three different material systems: pure
AlSi10Mg, AlSi10Mg-TiB2 composite, and AlSi10Mg-
TiB2-GNPs hybrid composite. The axes show the val-
ues of sintering temperature (◦C), piston movement
(mm), and force (kN) as a function of time (s). From
an initial temperature of 400◦C, a rapid increase in
temperature occurs after approximately 450 s, with
the maximum temperature reaching approximately
530◦C during the sintering of the AlSi10Mg alloy
(Fig. 1a). This temperature is subsequently stabilized
and maintained at 500◦C for 600 s. Significant densi-
fication occurs in parallel with the increase in tempe-
rature. The maximum value of movement is 4.4mm.
The pressing force reaches a value of 16 kN, which re-
mains stable during the holding period at the sintering
temperature. The temperature profile during sinter-
ing of the AlSi10Mg-TiB2 composite (Fig. 1b) is very
similar to that of the pure matrix; the maximum tem-
perature is also ∼ 530◦C. The piston moves to a lower
maximum value (∼ 4.2 mm), indicating an increase in
the material’s stiffness due to the addition of TiB2.
The maximum force again reaches 16 kN. An identi-
cal temperature profile is repeated during the sinter-
ing of the AlSi10Mg-TiB2-GNPs composite (Fig. 1c),
but a slightly lower maximum temperature is achieved
(∼ 525◦C). A significantly lower maximum value of
movement (∼ 3.6mm) is also achieved, indicating even
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Fig. 1. SPS cycle, piston displacement with temperature
and pressure over time.

higher stiffness and more effective compaction in the
earlier stages of sintering. The maximum pressing
force is again 16 kN. The addition of TiB2 leads to
an increase in mechanical resistance during sinter-
ing, which is reflected in reduced piston movement.
The combination of TiB2 and GNPs further reduces
the piston displacement, indicating a synergistic ef-
fect of both reinforcements on the compaction and
mechanical strength of the composite. Therefore, it
can be concluded from the sintering curves that the
additions of ceramic reinforcements (TiB2) and hy-
brid reinforcements (TiB2 + GNPs) significantly af-

fect the compaction process during the SPS process.
There is a reduction in plastic deformation during sin-
tering, indicating higher stiffness and potentially bet-
ter mechanical properties of the resulting composite.
A similar reduction in piston displacement was ob-
served in a study by Rashad et al. [11] when graphene
nanoplatelets (GNPs) were added to the aluminum
matrix sintered by the SPS method. Graphene pre-
vented the deformation of aluminum particles and
supported the slip mechanisms at the grain bound-
aries. Additionally, GNPs, as a two-dimensional nano-
material, can serve as reinforcement in composites,
further reducing diffusion distances and improving
heat flow, thereby optimizing the development of the
microstructure.

3.2. Density

The measured relative density values indicate a
high compactness of the AlSi10Mg sintered material,
with a value of 98.7% indicating almost complete den-
sification during the SPS process. The addition of
10 wt.% TiB2 led to a decrease in the relative den-
sity to 93.7%, which can be attributed to the pres-
ence of hard ceramic particles, reducing the metal
matrix’s ability to achieve complete sintering due to
poorer diffusion and lower plasticity of the system.
The introduction of another 2 wt.% GNPs into the
AlSi10Mg-TiB2 composite causes a further decrease
in relative density, indicating more pronounced barrier
effects against densification. This phenomenon may be
related to the tendency of GNPs to agglomerate, in-
creased volume of the interfacial interface, and pos-
sible disruption of transport mechanisms during sin-
tering. Overall, the results indicate that although ce-
ramic and carbon additives improve some functional
properties of composites, in terms of density, they re-
duce the efficiency of the SPS process compared to the
pure alloy.

3.3. Microstructure

The results of the XRD studies are detailed in
Fig. 2. The diffraction patterns revealed the presence
of aluminum with a cubic lattice (space group Fm-3m)
and a lattice parameter of a = 0.405 nm, as well as sil-
icon with a cubic lattice (space group Fd-3m:1) and
a lattice parameter of a = 0.543 nm in all samples. In
the AlSi10Mg-TiB2 and AlSi10Mg-TiB2-GNPs com-
posites, TiB2 was also detected, exhibiting a hexag-
onal lattice (space group P6/mmm) with lattice pa-
rameters a = 0.303 nm and c = 0.323 nm. No graphene
was detected in any of the samples.
The microstructure images in Fig. 3 were obtained

using SEM in backscattered electron (BSE) mode,
which enables compositional contrast to be displayed.
Figure 3a shows the microstructure of the AlSi10Mg
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Fig. 2. X-ray diffraction spectra of sintered samples.

alloy prepared by SPS. The microstructure is com-
posed of several distinguishable phases. The dominant
phase is the matrix formed by an aluminum-based
solid solution (α-Al), which is represented by exten-
sive light gray areas. These areas are formed by the
original, sinter-bonded powder particles that have re-

tained their approximately equiaxial shape. A fine, al-
most continuous network defines the boundaries of the
original powder particles. This network is formed by
the aluminum-silicon (Al-Si) eutectic that was formed
during solidification or sintering in the intergranular
regions. Due to the fine morphology, this network ap-
pears as darker lines and areas bordering the light
gray matrix grains. Fine, light particles are dispersed
within the α-Al matrix, as well as in the eutectic net-
work. Given the composition of the alloy, these are
precipitates of almost pure silicon (Si). Silicon has a
higher atomic number than aluminum, and therefore
appears as a lighter phase in the compositional con-
trast. These particles typically have an irregular to
globular shape. Dark to black areas of irregular shape
are also visible in the structure. These areas repre-
sent pores, which are a characteristic feature of sin-
tered materials. They arise as a result of incomplete
compaction of the metal powder during the pressing
and sintering processes. The overall morphology sug-
gests a structure formed by the joining and partial
remelting of the original powder particles, which is
consistent with the microstructures of AlSi10Mg al-
loys prepared by additive manufacturing or powder
metallurgy methods, where a fine eutectic network is

Fig. 3. SEM BSE microstructure of AlSi10Mg base alloy (a), AlSi10Mg-TiB2 composite (b), and AlSi10Mg-TiB2-GNPs
composite (c),(d).
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formed at the boundaries of the original powder par-
ticles [13].
Figure 3b shows a composite material with a metal

matrix formed by an AlSi10Mg alloy, which is rein-
forced by the addition of 10 wt.% TiB2 ceramic par-
ticles. Similar to the previous case, the microstruc-
ture is based on an AlSi10Mg alloy matrix, which
appears as a continuous gray phase. This matrix is
formed by the original metal powder particles that are
bonded together. The most marked elements in the
microstructure are light, almost white TiB2 particles
of irregular, sharp-edged to partially rounded shape.
Their high brightness in the BSE mode is due to the
presence of titanium, which has a significantly higher
atomic number compared to aluminum and silicon.
The TiB2 particles are distributed mainly in the in-
tergranular regions, i.e., at the boundaries of the orig-
inal AlSi10Mg powder particles. This phenomenon,
where ceramic particles are extruded to the matrix
grain boundaries during sintering, is a typical mech-
anism in composites prepared by powder metallurgy
and has also been observed in Al-TiB2 systems [14].
The matrix grain boundaries are formed by a complex
mixture. There is both a fine Al-Si eutectic (similar
to that in the unreinforced material), but above all,
the aforementioned massive TiB2 particles are incor-
porated here. The eutectic network is significantly dis-
rupted and discontinuous due to the presence of large
ceramic particles. Dark to black areas in the structure
indicate the presence of pores. Pores are often located
near the matrix-ceramic particle interface, which may
be caused by insufficient wetting of the ceramic by
the molten phase during sintering or by different ther-
mal expansions of both materials. Some dark areas
may also represent cavities from TiB2 particles that
were torn from the surface during polishing. A hy-
brid composite material is shown in Figs. 3c and 3d.
The matrix is made of AlSi10Mg alloy and is rein-
forced by a combination of 10 wt.% TiB2 particles and
2 wt.% GNPs. The gray background of the structure
is made of the AlSi10Mg alloy matrix. Bright, white
particles with sharp-edged to rounded morphology are
clearly visible in the structure. These are TiB2 parti-
cles. They are distributed relatively evenly, mainly at
the grain boundaries of the matrix, where they set-
tled during the sintering process. The key difference
compared to the previous samples is the presence of
GNPs. Due to the very low atomic number of carbon,
which forms GNPs, this phase appears as a dark gray
to black color. In the image, GNPs are primarily ob-
servable as agglomerates (clusters). The largest such
agglomerate is located in the left part of the image and
has an irregular, flaky appearance. The formation of
such clusters is a well-known and common problem
in the production of graphene-reinforced composites,
as Van der Waals forces and the high surface area ra-
tio of graphene lead to its agglomeration at the matrix

grain boundaries [15]. These dark areas resemble pores
in contrast, but are distinguished by their textured
and less defined shape. There are also black areas in
the structure, which represent pores – cavities formed
during the compaction process. It is important to note
that the presence of GNP agglomerates can contribute
to increased porosity, as these clusters prevent perfect
metallurgical bonding of the matrix particles. The ma-
trix grain boundaries are the most complex part of this
hybrid composite. They are formed by a mixture of Al-
Si eutectic, massive TiB2 particles, and agglomerates
of GNPs.

3.4. Mechanical properties

The Vickers hardness values of the composites were
measured on a polished surface in the center of the
sample. The influence of the different phases is clearly
observable in the hardness values. The pure AlSi10Mg
alloy has a hardness of 59.5± 1.4 HV1. The AlSi10Mg-
TiB2 composite sample has a higher hardness than
the pure AlSi10Mg sample. Similarly, the AlSi10Mg-
TiB2-GNPs composite has a higher hardness than
the AlSi10Mg-TiB2 composite. This behavior is at-
tributed to the achievement of the ceramic phase ma-
trix, as TiB2 has higher hardness than the matrix. The
addition of another phase – GNPs – to the compos-
ite resulted in a final hardness of 65.8 ± 2.5 HV1. The
hardness of the AlSi10Mg-TiB2 composite sample was
at the level of 60.3 ± 1.5 HV1.

3.5. Tribological results

Figure 4 shows the surface topography of the mate-
rials after tribological tests with a ZrO2 ceramic ball
(Figs. 4a,c,e) and a 100Cr6 steel ball (Figs. 4b,d,f),
at a load of 0.25 N and a total friction path of 100 m.
The surface of pure AlSi10Mg (Figs. 4a,b) shows a
pronounced tribological track, characterized by a large
depth and significant defects with a maximum height
difference of up to approximately 36.5µm. The track
is deep and significantly uneven, indicating intensive
material wear, abrasive damage, and potential mate-
rial peeling in the central part of the track. The pres-
ence of TiB2 in the AlSi10Mg matrix (Figs 4c,d) sig-
nificantly reduces the depth and intensity of wear.
The maximum height differences reach approximately
19.2 µm. The surface track is shallower, more uni-
form, and shows lower overall abrasion damage, in-
dicating better resistance to tribological wear com-
pared to pure AlSi10Mg. The material doped with
GNPs and TiB2 particles (Figs. 4e,f) has a tribo-
logical track with the lowest damage depth (approx-
imately 19 µm). The surface is significantly uniform
and smooth, with minimal defects and low wear. This
phenomenon indicates the synergistic action of GNPs
and TiB2 in the composite, resulting in optimal tribo-
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Fig. 4. Axonometric view of the topography of the friction paths of materials against ZrO2 ceramic ball (a), (c), (e) and
100Cr6 steel ball (b), (d), (f) at a load of 0.25 N.

logical properties. By comparing the materials, it was
found that the pure AlSi10Mg alloy exhibits the low-
est resistance, significant non-uniformity, and abrasive
damage. In contrast, the AlSi10Mg-TiB2 composite
shows improved homogeneity and increased resistance
to tribological wear. Furthermore, the AlSi10Mg-
-TiB2-GNPs composite demonstrates the best resis-
tance, a homogeneous surface, and minimal damage.

3.6. Wear rate

Figure 5 shows the wear rate values of the inves-

tigated materials. The addition of TiB2 reduces the
wear rate at 0.25 N to approximately 1/2–1/3 of the
pure alloy value and at 0.5 N to ∼ 60% (ZrO2) to
∼ 40% (100Cr6) of the original value (Fig. 5b). The
synergy of TiB2 + GNPs brings the lowest wear rate
of all investigated systems, at 0.25 N it achieves a re-
duction of 70–86% compared to AlSi10Mg and 39–
63% compared to the composite with TiB2. The com-
parison with a load of 0.5 N confirms the lubricating
effect of GNPs against ZrO2 ceramic ball (decrease
to 1.78× 10−3), but against 100Cr6 steel ball, it in-
creases to 3.62 × 10−3, but still remains ∼ 70% below



V. Puchý et al. / Kovove Mater. 63 2025 181–194 187

Fig. 5. Wear rate graph of AlSi10Mg, AlSi10Mg-TiB2, and
AlSi10Mg-TiB2-GNPs composite at rotational speed of 0.1
m s−1, length of 100 m, and friction force of 0.25 N (a) and

0.5 N (b).

the level of AlSi10Mg. The pure alloy shows virtually
no sensitivity to load change in the pair with ZrO2
ceramic ball (8.01 → 8.19 × 10−3), while in contact
with 100Cr6 steel ball increases by ∼ 15%.
The composite with TiB2 behaves in the oppo-

site way: increasing the pressure increases the wear
rate with a ZrO2 ceramic ball by ∼ 31%, but against
a 100Cr6 steel ball, only by ∼ 24%. The composite
with TiB2-GNPs shows a paradoxical phenomenon.
With a ZrO2 ceramic ball, the load increases the wear
rate by only ∼ 25%, while with a 100Cr6 steel ball,
it increases by 2.6 times; i.e., the graphene film is
more easily damaged on steel than on ceramics at
higher loads. For both AlSi10Mg and the compos-
ite with TiB2, the steel counterpart results in wear
that is ∼ 25–45% higher compared to the ZrO2 ce-

ramic. On the contrary, the graphene composite ex-
hibits a lower wear rate against steel at 0.25 N; how-
ever, at 0.5 N, the trend reverses, indicating the sensi-
tivity of the graphene tribofilm to local contact pres-
sure. TiB2 ceramic particles significantly strengthen
the AlSi10Mg matrix. At a low load of 0.25 N, the
wear rate is reduced by at least 50 % regardless of
the ball type. The addition of GNPs brings the great-
est benefit at lower loads, dropping to values of 1.4–
2.4 × 10−3mm3 N−1 m−1, which represents a record
decrease of 70–86% compared to the base alloy. ZrO2
acts as a more favorable counterpart for both pure and
TiB2-modified matrix, while for the graphene compos-
ite the counterpart effect is load-dependent. The wear-
rate sensitivity to load is highest for the graphene
composite in contact with steel, which indicates that
the solid graphene film is stable only up to a certain
limit of contact pressure. The balance between hard-
ness (TiB2) and lubricating effect (GNPs) is key to op-
timization – at higher loads, TiB2 alone can be more
effective against steel, while GNPs maintain the ad-
vantage in a ceramic friction pair.

3.7. Coefficient of friction

During the test of the rotational sliding motion
against a ZrO2 ceramic ball and a 100Cr6 steel ball,
the coefficient of friction (COF) was recorded. The
graphs in Fig. 6 show the COF during dry contact ro-
tational sliding of the AlSi10Mg alloy and its two com-
posite variants, AlSi10Mg-TiB2 and AlSi10Mg-TiB2-
-GNPs, using the “ball-on-disc” method. The mea-
surements with the ZrO2 ceramic ball and the 100Cr6
steel ball were compared at two normal loads of 0.25
and 0.5 N. All measurements were taken over a 100m
track. The pure AlSi10Mg alloy has the highest ini-
tial COF at a load of 0.5 N and a 100Cr6 steel ball
(Fig. 6d), but after the formation of a tribofilm, the
COF gradually decreases. Although the addition of
TiB2 does not reduce the COF, it dramatically sup-
presses oscillations due to higher hardness and more
uniform load transfer. The combination of TiB2 +
GNPs reduces friction compared to TiB2, while main-
taining good stability, indicating a synergistic effect of
the lubricating graphene nanoplatelets and the TiB2
supporting skeleton.
This phenomenon has also been observed in other

hybrid composites based on aluminum, where hard ce-
ramic particles (e.g., SiC) protect the soft matrix from
plastic deformation, while graphene forms a low-shear
tribofilm on the surface, which reduces adhesion and
the resulting coefficient of friction [16]. At a load of
0.5 N and a ZrO2 ceramic ball (Fig. 6b), the ZrO2
ceramic ball causes higher adhesive components, and
the composites show approximately 10 % more fric-
tion than the alloy alone. However, the reinforcements
suppress fluctuations. At a half load of 0.25 N and a
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Fig. 6. Coefficient of friction (COF) for a ZrO2 ceramic ball (a), (b) and a 100Cr6 steel ball (c), (d).

100Cr6 steel ball (Fig. 6c), the lubricating effect of
the reinforcement is manifested; the composites reduce
the COF by approximately 35 %. Graphene provides a
slightly higher COF than TiB2 alone, but still signifi-
cantly below the value of the base alloy. At half load of
0.25 N and a ZrO2 ceramic ball (Fig. 6a), the lubricat-
ing effect of the reinforcement was evident; the com-
posites reduced the COF by approximately 20 %. For
composites with ceramic particles, lower loading en-
hances the lubricating contribution of graphene (low-
est COF). Peaks in the COF of the base alloy (stick-
slip) are suppressed in the composites. Increasing the
load from 0.25 to 0.5 N raises the steady-state COF
by ∼ 30–40% for all materials. At higher loads, the
overload of the contact surface dominates over the self-
lubricating effect of GNPs. Against a 100Cr6 steel ball,
the base alloy achieves a lower final COF than against
a ZrO2 ceramic ball; the formation of a metallic trans-
fer film on the steel probably reduces adhesion. The
TiB2 increases the microhardness of the matrix, thus
limiting plastic deformation and peak retention. The
result is smoother, but at higher loads, also a slightly
higher COF due to the dominance of the abrasive com-
ponent. The GNPs act as a solid lubricant, and at low

pressure they are deposited in the tribofilm and re-
duce adhesion, but at high pressure the film is broken
and the effect weakens, which is consistent with ob-
servations that the efficiency of the graphene layer de-
creases when the contact pressure exceeds its bearing
capacity and it ruptures [17].

3.8. Wear mechanisms

The morphology and EDS maps of the worn track
on a pure AlSi10Mg alloy after a rotational test
against a ZrO2 ceramic ball and a 100Cr6 steel ball
are shown in Fig. 7. Parallel, approximately 5 to 20µm
wide lamellae of material oriented in the slip direction
are formed along the entire width of the track. There
are small gaps and cracks between the lamellae, and in
places, peeled scales are visible. This “flow-type wear”
is typical of intense plastic deformation of the soft
AlSi10Mg matrix under the hard ZrO2 ceramic ball
(Fig. 7a). Sharp ridges are outlined in white. These
are the kneaded sides of the plow grooves, where the
material extruded by the cutting tips of the loosened
particles by the plowing and micro-cutting mechanism
has accumulated.
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Fig. 7. SEM and EDS maps of wear marks on pure AlSi10Mg alloy after rotational slip testing against a ZrO2 ceramic
ball (a) and a 100Cr6 steel ball (b).

At the bottom of the image, a larger crater with ex-
foliated layers is visible, indicating that fatigue crack-
ing below the surface has led to the tearing off of a
fragment (local delamination – delamination wear).
This mechanism is consistent with the classical de-
lamination wear theory described by Suh [18]. The
smoother surfaces between the lamellae have a gray
texture without pores, indicating a continuous but
thin oxide film that is continuously formed and subse-
quently stripped. The spatial distribution of elements
in Fig. 7b indicates a combination of adhesive and
abrasive wear. Both hard ZrO2 and Si particles abrade
the matrix, and simultaneously, the plastically de-
formed layers coalesce and exfoliate. The detected Zr
confirms that the ball supplies additional abrasive par-
ticles, increasing friction and increasing the COF to
approximately 0.50. The unstable oxide Al2O3/MgO
tribofilm forms rapidly (due to the presence of oxygen
on most of the surface), is discontinuous, and is peri-
odically torn off, causing friction fluctuations and ex-
posing fresh metal. The protruding eutectic Si phases
worsen the “lubricating” effect of the oxide, as they
protrude and act as micro-cutting components. The
friction track of a pure AlSi10Mg alloy, after sliding
against a ZrO2 ceramic ball, exhibits strong plastic ex-
trusion and lamellar shear bands. EDS reveals a mixed

tribofilm of Al/Mg oxide with embedded ZrO2 frag-
ments and Si particles. Such behavior, where the soft
aluminum matrix is intensively plastically deformed
around the hard eutectic Si particles, is characteristic
of sliding wear of Al-Si alloys [19].
The friction track of the pure AlSi10Mg alloy af-

ter sliding against a 100Cr6 steel ball (Fig. 7c) consists
of extruded Al-matrix lamellae oriented parallel to the
sliding direction, similar to the ZrO2 ceramic ball. Less
pronounced grooves are characteristic. In contrast to
the contact with the ZrO2 ceramic ball, deep plow
grooves are almost absent with the 100Cr6 steel ball,
which indicates the suppression of the purely abrasive
component. EDS map analysis revealed a concurrent
Fe-Cr-O overlay in a thick layer (Fig. 7d). This is a
compact steel transfer from the ball, which was oxi-
dized and mechanically mixed with Al oxide during
the sliding process. In contrast to the ceramic coun-
terpart, the steel locally welds to the aluminum ma-
trix, detaches from the ball, and forms a mechanically
mixed layer (MML) rich in Fe/Cr, which has a self-
lubricating effect. The steel film is harder than Al but
softer than ZrO2; it quickly smooths out during slid-
ing and acts as a solid lubricant. This explains the
lower average COF (∼ 0.45) and smaller friction fluc-
tuations compared to the test against ZrO2. The high
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Fig. 8. SEM and EDS maps of wear marks on the AlSi10Mg-TiB2 composite after a rotational slip test against a ZrO2
ceramic ball (a) and a 100Cr6 steel ball (b).

O content together with Fe/Cr confirms the formation
of tribochemical oxidation, which produces an oxide
film and prevents direct metal-to-metal contact. The
formation of a protective, iron-rich MML on the alu-
minum surface when sliding against steel is a key fac-
tor leading to friction stabilization and the transition
from severe to moderate wear [20].
The surface of the AlSi10Mg-TiB2 composite

(Fig. 8a) is still lamellarly “deformed” in the direction
of the yield, similar to that of pure AlSi10Mg, but the
lamellae are narrower and less flattened than in the
pure alloy. The hard TiB2 particles dispersed in the
matrix act as micro-beams that prevent large shear
deformations, and the plastic flow is fragmented into
shorter sections. This mechanism, where the hard par-
ticles carry part of the load and protect the soft ma-
trix from extensive deformation, is a key benefit of ce-
ramic reinforcement in metal matrix composites [21].
Darker, imperfect accumulations of fine dust (MML)
are found between the lamellae. They are thicker pre-
cisely where the lamellae have ruptured. This involves
the redeposition of loose fragments of Al-oxides, TiB2,
and ceramic debris from ZrO2, resulting in the for-
mation of so-called micro-islands within the tribofilm.
Deep cavities and exfoliated scales, typical of a pure
matrix, are almost absent; TiB2 dissipates subsur-

face stresses and prevents the formation of long fa-
tigue cracks (limited delamination). Although hard
ZrO2 particles still abrade the matrix, the presence
of evenly distributed TiB2 reduces the contact pres-
sure on individual surface irregularities and thus also
reduces the depth of the grooves. The Ti and O sig-
nals (Fig. 8b) strongly overlap, which indicates that
the surface tribofilm is enriched with Ti-oxide/borate
enamel formed from TiB2. This enamel fills the micro-
grooves and acts as a solid lubricant. The hard, stiff
TiB2 particles increase the local hardness and elastic
modulus, so that the Al matrix cannot “stretch” into
wide lamellae; instead, narrow sections are formed,
which are quickly covered by an oxide film. The tribo-
chemical oxidation of TiB2 → TiO2/TiBOx generates
a very fine, low-shear coating. The tribochemical for-
mation of a lubricating titanium dioxide (TiO2) layer
from TiB2 particles during sliding wear is considered
a significant factor contributing to the improvement
of tribological properties [22]. Its presence, together
with Al2O3/MgO, results in a lower and more sta-
ble COF (∼ 0.27–0.30) as recorded in the graph. The
TiB2 breaks long fatigue cracks into short, harmless
segments, instead of exfoliating coarse scales. The sur-
face is “crushed” into a thin powder layer that is re-
cycled to the MML. Although ZrO2 fragments are de-
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Fig. 9. SEM and EDS maps of wear marks on the AlSi10Mg-TiB2-GNPs composite after a rotational slip test against a
ZrO2 ceramic ball (a) and a 100Cr6 steel ball (b).

tected, their erosive effect is weakened. The hard TiB2
carries part of the load and creates an obstacle for the
penetration of hard fragments deeper into the matrix.
The surface of the AlSi10Mg-TiB2 composite after

contact with a steel ball (Fig. 8c) consists of narrow
lamellae oriented along the slip direction. Compared
to the pure alloy, the lamellae are thinner and less flat-
tened, which reflects the higher local hardness of the
composite due to the dispersed TiB2 reinforcement. In
the central zone, there are darker, slightly embedded
islands of the MML, which were formed by the depo-
sition of fine Al-oxide dust, TiB2 fragments, and steel
transfer. The hard TiB2 particles uniformly support
the contact, thereby preventing deep plastic extrusion
and delamination, which are typical of the unmodified
matrix.
The Ti-O-Fe overlay (Fig. 8d) suggests the for-

mation of a complex oxide glass (Al/Ti/Fe-oxides +
borates), forming a compact film that fills micro-
asperities and reduces shear stresses. Hard TiB2 par-
ticles (HV ∼ 25GPa) carry a significant part of the
normal force, thereby preventing local plastic flow
of the AlSi10Mg matrix and reducing the depth of
micro-cuts caused by Fe-rich fragments. The trans-
ferred Fe/Cr material from the ball mixes with oxi-
dized Al and Ti, forming a compact tribofilm that acts

as a solid lubricant and dampens friction fluctuations
(in the experiment, COF ∼ 0.24–0.26 with negligible
oscillations). TiB2 blocks the propagation of subsur-
face fatigue cracks; instead of peeling off thick scales,
only a thin powder layer is formed, which reintegrates
into the MML. The formation of such a stable, protec-
tive, and multi-component mechanically mixed layer
is the main cause of the transition to moderate wear
and excellent tribological response [23].
The friction track on the AlSi10Mg-TiB2-GNPs

composite (Fig. 9a) is narrow; its microtopography
consists of only very fine furrows in the direction of
slip. Thick lamellae, deep plowing grooves, or cav-
erns are clearly absent. Localized, isolated dark spots
(pores/craters) are typically ≤ 10 µm in diameter;
they were probably formed by the mechanical pulling
out of TiB2 grains or by pressing loose ZrO2 frag-
ments, which were subsequently covered by the coat-
ing. A continuous, low-contrast coating covers the
edges of the track and its bottom. This is a nanolam-
inar graphene oxide film that smoothes out into a tri-
bologically functional thin layer under slip.
The most marked feature is the continuous C sig-

nal (Fig. 9b), which follows the contours of the track,
demonstrating that the graphene nanoplatelets have
decomposed into a permanent tribo-carbon coating.
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Its overlap with O and Ti indicates the formation of
a C-TiOx/Al2O3 type layer. The slip breaks and lam-
inates the GNPs into several-nanometer plates, which
overlap each other and form a low-shear film, result-
ing in a sharp drop in both adhesion and abrasive
wear. This process of self-organization of graphene
plates into a continuous, oriented layer with extremely
low friction directly in the frictional contact is a well-
-documented phenomenon [24]. The hard TiB2 par-
ticles will transfer a large part of the normal force,
so that the graphene film does not deform plastically
and remains continuous; this is the so-called “load
bearing” effect of the TiB2 particles. This synergis-
tic interaction, where the hard ceramic phase car-
ries the load and protects the lubricating graphene
film from destruction, is the key mechanism responsi-
ble for the excellent tribological properties of the hy-
brid composites [25]. The tribochemical oxidation of
Al/Mg/Ti in the presence of graphene yields a com-
posite enamel (TiO2-Al2O3-C-borate) that fills the
microgrooves, binds loose particles, and stabilizes the
film. The result is the lowest and most stable COF
(∼ 0.25) among all the materials investigated.
The friction track on the AlSi10Mg-TiB2-GNPs

composite, when tested against a steel ball (Fig. 9c),
is ∼ 240 µm wide, and its bottom is nearly planar.
The microtopography consists of only fine grooves in
the direction of slip. No deep grooves or cavities are
visible. Several dark inclusions are visible, and shal-
low, white-rimmed islands indicate occasional pulling
out of TiB2 grains or re-deposition of the steel trans-
fer, which was subsequently covered by a surface film.
The homogeneous C signal (Fig. 9d) covering the en-
tire track is evidence that the graphene nanoplatelets
formed a continuous, self-lubricating film. The GNPs
shear into nanometer-sized flakes during slip, which
laminate each other and cover the steel transfer. The
resulting film exhibits an extremely low slip coef-
ficient, preventing direct Al-Fe adhesion. Although
Fe/Cr fragments are released from the ball, they are
quickly captured in the graphene oxide matrix – a
MML without coarse ridges is formed, which dampens
friction fluctuations. Hard particles (HV ∼ 25 GPa)
withstand peak pressures and prevent film damage.
At the same time, they catalyze the formation of
TiO2/Ti-borates, which increase the film’s wear resis-
tance. The result is an extremely low and very stable
COF of 0.23–0.25. The formation of a complex and
stable tribofilm, which effectively immobilizes abra-
sive particles, is a characteristic feature of hybrid self-
lubricating composites [26].

4. Conclusions

1. AlSi10Mg-TiB2 and AlSi10Mg-TiB2-GNPs com-
posite materials were successfully prepared by SPS.

The produced composites showed a microstructure
with low porosity. Microstructural analysis of the
AlSi10Mg-TiB2 composite revealed that TiB2 par-
ticles were successfully integrated into the matrix,
primarily localized at the boundaries of the original
powder particles. In the AlSi10Mg-TiB2-GNPs hy-
brid composite, a tendency for graphene nanoplatelets
(GNPs) to form agglomerates was observed; however,
their addition still led to a significant improvement in
tribological properties.
2. The base alloy AlSi10Mg showed low wear re-

sistance, characterized by intense plastic deformation,
delamination, and a high, unstable coefficient of fric-
tion (”stick-slip”). The wear mechanism was strongly
dependent on the counterpart; against steel, a par-
tially protective transfer film was formed, whereas
against ceramics, abrasive and adhesive wear domi-
nated.
3. The addition of TiB2 particles led to a significant

improvement in tribological properties. As a hard,
supporting phase, TiB2 prevented extensive plastic
deformation of the matrix. During friction, TiB2 tri-
bochemically oxidized and formed a protective layer
(glaze-film) rich in Ti-oxides, which contributed to the
reduction and stabilization of friction.
4. The most significant progress was achieved with

the hybrid composite, where a strong synergy be-
tween both types of reinforcement (TiB2 + GNPs)
was confirmed. The TiB2 particles served as a sup-
porting skeleton, protecting the soft matrix and pre-
venting mechanical destruction of the extremely slip-
pery graphene film. The GNPs formed a continuous,
self-lubricating film with low shear resistance on the
surface, which drastically reduced adhesion and fric-
tion. The result of this synergy was an extremely
smooth and stable tribofilm that effectively immobi-
lized any abrasive particles, leading to the lowest and
most stable coefficient of friction and aminimal wear
rate among all the materials tested.
5. The conclusions clearly demonstrate that rein-

forcement hybridization, combining a hard support
phase and a solid lubricant, is a highly effective strat-
egy to overcome the tribological limitations of alu-
minum alloys and to develop advanced self-lubricating
composites.
6. Recommended applications are, e.g., low-pres-

sure sliding joints (< 0.3 Nmm−2) where the TiB2 +
GNPs composite can provide the lowest friction and
high stability. For higher loads where stability and
wear are a priority, the TiB2 composite will provide
the smoothest performance.
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