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Abstract

In this study, the effect of boron carbide (B4C), hexagonal boron nitride (hBN), holy super
graphene (HSG), and hybrid (B4C + hBN + HSG) nano-additives on the tribological per-
formance of SAE 5W-30 gasoline engine oil was investigated on Al-Si-based samples (Al
4032) prepared by cutting from a single-cylinder gasoline engine block. The addition of
nano-additives regularly increased the kinematic viscosity; the 63.80 mm? /s (BO) value
rose to 68.90 mm?/s at the highest level of B4C and to 70.50 mm?/s in the hybrid oil
(=10.5% increase). The lowest and most stable friction performance was found in the
hybrid 0.025 g/25 mL nano-additive oil, which remained between 0.03 and 0.05 during
the entire COF test. The EDS mapping and line scan results confirmed the formation of
tribofilm by identifying the additive elements (B for B4C, B and N for hBN, C for HSG) in
the wear scar, and the presence of increased O elements showed the restricted formation of
tribo-oxidation. The results show that hybrid nano-additive oils provide the most effective
friction and wear improvement, especially at low concentrations, while at high additive
levels, performance does not show a consistent increase due to particle accumulation and
third-body effects.

Keywords: nanoparticle additives; engine oil; tribology; coefficient of friction; wear;
gasoline engine

1. Introduction

In the current years of a rapidly changing industrial environment and an increasing
awareness level about the environment, it has become an increasingly important task
to reduce the environmental pollution caused by internal combustion engines. In this
respect, energy saving and the reduction of fossil fuel consumption are directly associated
with the control of friction and wear losses. In advanced lubrication systems, friction and
surface damage between engine parts are reduced, thereby increasing engine efficiency
and reducing fuel consumption and exhaust emissions [1-3]. Internal combustion engines
operate with different types of lubrication depending on operating conditions. Particularly
when the lubricating film is insufficient, metal surfaces may come into direct or occasional
contact. This leads to operating conditions where friction and wear are most intense. Under
these conditions, the chemical composition of the lubricant and its additives emerge as a key
factor determining the interaction between surfaces [4-7]. Although conventional engine
oils are designed as complex formulations containing anti-wear and friction-reducing
additives, they do not always perform adequately under the high surface stresses and
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variable load conditions seen in modern engines [8]. This situation has led to research into
adding nano-additives to engine oils within liquid lubricants. In this context, advanced
carbon structures such as boron carbide (B4C), hexagonal boron nitride (hBN), and graphene
derivatives stand out in tribological applications due to their high mechanical strength
and low sliding resistance characteristics [9-11]. Among the prominent nano-additives in
this context, boron carbide has been found to be of particular importance due to its unique
properties and requires more detailed investigation from a tribological perspective. Boron
carbide (B4C) stands out as a load-bearing nanoparticle in tribological applications due to
its high hardness, low density, and chemical stability. The literature has concluded that
B4C-containing oils reduce wear by providing micro-scale load distribution in the contact
area, particularly under operating conditions where the tribo-film is limited [12,13]. In
some studies, it has been indicated that B4C particles reduce direct metal-metal contact
by inserting themselves between surface roughness, thereby reducing the two-body wear
mechanism. However, it has also been emphasized that, due to its high hardness, it can
cause third-body wear when used at inappropriate concentrations [14-17]. Similar to
B4C, hexagonal boron nitride (hBN), another boron-based lubricant, is also extensively
studied in research aimed at improving tribological performance. Hexagonal boron nitride
(hBN) exhibits solid lubricant properties due to its graphite-like layered crystal structure
and low sliding resistance. Previous studies have shown that hBN-containing engine oils
significantly reduce the coefficient of friction and stabilize friction behavior [18,19]. It has
been observed that hBN reduces friction by forming a thin and continuous sliding layer on
the surface and contributes to wear scars exhibiting more uniform morphologies. However,
some studies have also indicated that the wear reduction effect of hBN is strongly dependent
on the contribution ratio and uniformity of distribution [20-24]. In addition to these boron-
based materials with a layered structure as solid lubricants, carbon-based two-dimensional
structures have also been intensively researched in recent years to improve tribological
performance. Graphene and graphene-based additives have emerged as a significant area
of research in the literature because of their high surface area, high mechanical strength,
and high adhesion to surfaces [25-28]. Researchers have investigated the role of advanced
graphene-based additives, such as Holey Super Graphene (HSG), in the creation of a
protective tribofilm layer on the contact surface through physical adhesion and friction-
induced chemical reactions. The tribofilms have been shown to play a role in the reduction
of the coefficient of friction and an equalized distribution of wear damage. However, it is
noted that graphene-based additives need to be optimized because of their influence on
agglomeration and rheological properties [29-31]. On the other hand, the effect of solid
nano additives on engine oils is significant not only in terms of tribological properties
but also rheological and physical properties. Changes in parameters such as viscosity,
flash point, and density affect oil film formation, low-temperature behavior, and overall
lubrication performance. Therefore, improvements in friction and wear performance must
be evaluated in combination with the rheological properties of the oil [32,33].

In this study, the tribological and rheological behavior of gasoline engine oil for-
mulations containing B4C, hBN, HSG, and hybrid combinations of these additives was
comprehensively investigated with a focus on identifying low-loading formulations that
can still deliver strong friction reduction. Experimental studies were conducted in a lubri-
cated environment using samples obtained from actual gasoline engine surfaces; the friction
coefficient, wear behavior, surface morphology, and oil properties were evaluated using a
comprehensive approach. The results obtained are intended to contribute to the design of
new generation engine oils with advanced hybrid additive systems and to support energy
efficiency and environmental sustainability goals.
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2. Materials and Methods

Scope and base-oil selection. A fully formulated commercial SAE Castrol EDGE 5W-
30 LL (Turkey) engine oil was selected to maximize practical relevance, because real engines
operate with complex additive packages rather than neat base stocks. The present work
is designed as a comparative screening study: the commercial additive package is kept
constant for all formulations, and the only intentional variable is the type and concentration
of the introduced nano-additive. Consequently, the reported changes should be interpreted
as the net incremental effect of nanoparticle addition to this specific commercial oil. Possible
antagonistic interactions with proprietary additives are acknowledged as a limitation and
are not fully deconvoluted in the present study.

2.1. Specimen Preparation

The substrate samples used in the experiments were prepared by cutting from a single-
cylinder gasoline engine block, and the samples cut from this engine block are shown in
Figure 1. XRD results confirmed that the substrate exhibited an Al-Si-based structure and
corresponded to the characteristics of the 4032 Al alloy. The specimens were extracted
from a commercial single-cylinder gasoline engine block; the substrate corresponds to a
high-silicon piston alloy (AA/EN AW-4032). The nominal chemical composition range of
the 4032 alloy is provided in Table 1 (wt.%). The phase constitution of this alloy is primarily
based on an «-Al (FCC) matrix with Si-rich phases, which is consistent with the XRD results
presented in Section 3.3.

Figure 1. (a) The area from which the sample was taken from the single-cylinder gasoline engine
block, (b) the sectional piece cut from the engine surface, and (c) the final sample prepared for
tribological tests.

Table 1. Chemical composition of 4032 alloy used as substrate (wt.%).

Element wt. %
Al 85.0

Si 12.2
Mg 1.0
Cu 0.90
Ni 0.90

The substrate samples used in the experiments were prepared by sectioning a com-
mercial single-cylinder gasoline engine block. The specimens were extracted by wire
electrical discharge machining (WEDM) in order to obtain representative material from
the real engine component while avoiding the large mechanical cutting forces associated
with conventional machining. Since WEDM may generate a thin thermally affected recast
layer on the as-cut surface, the sectioned surface was not used directly for tribological
testing. Instead, rectangular specimens of 30 x 30 x 5 mm were subjected to a controlled
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sequential grinding procedure using SiC abrasive papers from 120 to 2000 grit to remove
the cutting-affected surface layer and to establish a uniform and reproducible initial surface
condition. After grinding, the specimens were ultrasonically cleaned in alcohol for 20 min
and then dried with compressed air. In this way, WEDM was used only as a specimen-
extraction method, whereas the final tribological surface was generated by standardized
post-sectioning preparation. Therefore, the measured tribological differences reflect the
lubricant formulation effects rather than uncontrolled surface damage introduced during
specimen extraction.

2.2. Preparation of Nano-Additive Lubricant Formulations and Rheological Test

In all experiments, a commercially available SAE 5W-30 gasoline engine oil supplied
by Castrol was used as the base lubricant. Boron carbide (B4C), hexagonal boron nitride
(hBN), and holy super graphene (HSG) nano-additives were procured from Nanografi
and incorporated into the base oil either individually or in hybrid combinations. The
representative particle size of the additives was characterized by particle size distribution
analysis, and the median particle size (Dsp) values were determined as 0.0527 um for
B4C, 3.29 um for hBN, and 15.9 pum for HSG. These D5 values are reported to clarify the
characteristic size scale of each additive in the lubricant formulations. To ensure consistency
among different additive formulations, a constant oil volume of 25 mL was maintained
for all samples. The detailed compositions and additive concentrations are shown in
Table 2, and the visual appearance of the prepared nano-additive lubricant formulations is
presented in Figure 2.

Table 2. Composition of nano-additive-containing SAE 5W-30 engine oil.

Sample Code Additive Type Additive Content (g/25 mL Oil)

BO SAE 5W-30 (neat) 0.00
BCO-1 B4C 0.025
BCO-2 B4C 0.05
BCO-3 B4C 0.10
BCO-4 B4sC 0.20
HBNO-1 hBN 0.025
HBNO-2 hBN 0.05
HBNO-3 hBN 0.10
HBNO-4 hBN 0.20
HSGO-1 HSG 0.025
HSGO-2 HSG 0.05
HSGO-3 HSG 0.10
HSGO-4 HSG 0.20
HYBO-1 B4C + hBN + HSG (hybrid) 0.025
HYBO-2 B4C + hBN + HSG (hybrid) 0.05
HYBO-3 B4C + hBN + HSG (hybrid) 0.10
HYBO-4 B4C + hBN + HSG (hybrid) 0.20

The required amounts of nano-additives were first introduced into the 5W-30 base oil
and pre-dispersed using a mechanical stirrer (VELP OHS 60 Advance, VELP Scientifica,
Usmate Velate, Italy) with a speed of 300-500 rpm for a period of 1 h. The resulting
mixtures were then further treated using ultrasonic agitation for a period of 3 h to further
improve the dispersion of the nanoparticles. Because the formulations are suspensions,
dispersion quality can influence repeatability. Therefore, all nano-lubricants were prepared
using an identical two-step protocol (mechanical stirring followed by ultrasonication)
and were handled under the same conditions prior to testing to reduce batch-to-batch
variability. Visual opacity is inherent to particle-containing oils and does not alone indicate
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instability; nevertheless, possible sedimentation and agglomeration in long-term storage
are acknowledged. The above procedure was followed for all lubricant samples before any
tribological and rheological tests. Viscosity measurements were performed to determine
the effect of nano-additive addition on the rheological behavior of the oil. In this context,
kinematic viscosity tests were conducted using an Anton Paar SVM 3001 viscometer
(Anton Paar GmbH, Graz, Austria), and measurements were repeated for each formulation
under the same procedure. A dedicated long-term dispersion stability and filterability
assessment (e.g., extended static sedimentation, particle size evolution, and filtration and
clogging tendency under engine-relevant shear) was not the focus of this screening study.
Therefore, the present results should be interpreted as short-term comparative performance
under controlled laboratory preparation and testing conditions, and further formulation
engineering would be required before practical deployment.
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Figure 2. (a) B4C nano-additive lubricant; (b) hBN nano-additive lubricant; (c) HSG nano-additive
lubricant; and (d) B4C, hBN, and HSG at the same nano-additive concentration.
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2.3. Tribological Characterization

Tribological tests were conducted using a reciprocating test configuration on a CSM
THT tribometer (Anton Paar, Baden, Switzerland). An Al,O3 ball with a diameter of 6 mm
and a surface roughness of Ra = 20 & 5 nm was employed as the counter body. The experi-
ments were performed under lubricated sliding conditions using a reciprocating motion
in order to realistically simulate the boundary at 75 °C and mixed lubrication regimes
commonly encountered in gasoline engine contacts. For each test, the corresponding SAE
5W-30 lubricant formulation (either neat oil or oil containing nano-additives) was supplied
directly to the contact zone, ensuring continuous lubrication throughout the sliding process.
The experiments were performed under fully flooded lubricated sliding at 75 °C, with the
aim of screening the nano-additive formulations under boundary lubrication conditions
relevant to severe gasoline—engine contacts (e.g., near dead centers). The reciprocation
parameters were: full stroke (peak-to-peak) of 10.0 mm and frequency of 5.0 Hz, which
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correspond to a maximum linear speed of 0.157 m/s and an average sliding speed of
0.10 m/s. A constant normal load of 20 N was applied. The total sliding distance was 500 m
(~25,000 cycles; total test duration ~83 min). Using Hertzian elastic contact theory for a
6 mm AlyOs ball on the Al-Si substrate, the nominal mean and maximum contact pressures
were estimated as p_m ~ 0.83 GPa and py ~ 1.25 GPa, respectively (initial contact). During
the tests, the coefficient of friction (COF) was continuously recorded as a function of sliding
distance and time.

2.4. Surface and Microstructural Characterization

After each tribological test, the wear scars formed on the specimen surfaces were
initially examined using an optical microscope to obtain a preliminary assessment of wear
morphology and scar dimensions. Before the tribological experiments, the surface roughness
of the sample cut from the gasoline engine was measured. This technique enabled the
precise evaluation of wear scar depth, width, volume loss, and surface topography caused
by different lubricant formulations. To provide a more detailed understanding of the wear
mechanisms and surface damage characteristics, the tested specimens were carefully cleaned
to remove residual lubricant and loosely adhered wear debris. Subsequently, scanning
electron microscopy (SEM) analyses were performed using a Maia3 TESCAN (TESCAN,
Brno, Czech Republic) to examine the wear scars at higher magnifications. The phase
composition and crystal structure of the specimens were determined by X-ray diffraction
(XRD). XRD measurements were performed using a Bruker D8 Advance diffractometer with
Cu Ko radiation (A = 1.5406 A) over a 20 range of 20-80°. The resulting diffraction patterns
were analyzed to evaluate possible phase formations and structural changes in the samples.

3. Results and Discussion
3.1. Characterization of Powder Materials

SEM characterization was performed to examine the morphological properties of
nano-additives and their potential agglomeration tendencies. SEM images of B4C, hBN,
and HSG additives are presented in Figure 3 (scale: 2 um).

Figure 3. SEM morphologies of nano-additives: (a) B4C, (b) hBN, and (c) HSG.
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In Figure 3a, it is observed that B4C nanoparticles exhibit an irregular, polygonal
morphology with sharp edges. It is also notable that smaller particles are clustered on
larger grains in places. This morphology indicates that B4C is suitable as a hard third body
for load transfer. However, when sharp-edged grains are not homogeneously distributed
on the surface, it is thought that the abrasive effect may increase in the contact areas [32]. In
Figure 3b, it can be seen that thin lamellae come together to form dense and compact clusters,
consistent with the layered structure of hBN. This morphology indicates that hBN may
require more intensive mixing during preparation due to its high surface area and interlayer
interactions [33]. Figure 3c clearly shows that HSG has a layered and sheet-like carbon
morphology. The layering and deformed structure provide a suitable surface structure for
the formation of a carbon-based tribofilm at the contact interface. This morphology also
indicates that the particles may have a high tendency to agglomerate [34,35].

3.2. Viscosity Analysis of Nano-Additive Oils

The kinematic viscosity values of nano-additive oils are presented in Table 3. The
kinematic viscosity was measured at 40 °C as a comparative parameter to evaluate the
effect of nano-additive incorporation on the flow behavior of the prepared formulations.
The viscosity index was not determined because it requires kinematic viscosity data at both
40 °C and 100 °C according to ASTM D2270 [36]. Therefore, the present viscosity results
are intended as comparative formulation data rather than a full rheological classification
of the tested lubricants. The results obtained clearly show that all B4C, hBN, HSG, and
hybrid (B4C + hBN + HSG) nano-additives significantly alter the viscosity characteristics of
the 5W-30 grade base oil. The reference viscosity value of 63.80 mm?/s measured for the
base oil showed a decreasing trend across all additive types and concentration levels; the
amount of this decrease varied depending on the additive type and additive ratio.

Table 3. Kinematic viscosity values of 5SW-30 engine oils with nanoparticle additives.

Sample Kinematic Viscosity (mm?/s) A Kinematic Viscosity (%)
BO 63.80 0.00
BCO-1 64.45 +1.02
BCO-2 65.10 +2.04
BCO-3 66.35 +4.00
BCO-4 68.90 +7.99
HBNO-1 64.20 +0.63
HBNO-2 64.85 +1.65
HBNO-3 65.70 +2.98
HBNO-4 67.10 +5.17
HSGO-1 64.05 +0.39
HSGO-2 64.55 +1.18
HSGO-3 65.20 +2.19
HSGO-4 66.40 +4.08
HYBO-1 64.80 +1.57
HYBO-2 65.95 +3.37
HYBO-3 67.80 +6.27
HYBO-4 70.50 +10.50

Table 2 presents the kinematic viscosity values, which were determined based on the
fundamental principle of measuring flow time at a constant temperature, as defined in
ASTM D445 [37], using methods based on the standard capillary viscometer principle. The
kinematic viscosity results in the table show that the viscosity of the oil without additives
is 63.80 mm? /s in sample BO, and that the viscosity increases steadily in all samples with
nanoparticle additions. Among the single nano-additive oils, the most significant viscosity
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increase was observed in B4C, with the value increasing from 64.45 mm? /s in BCO-1 to
68.90 mm? /s in BCO-4. This trend can be attributed to the hard ceramic B4C particles
increasing the effective volumetric ratio of the oil during flow, thereby strengthening the
hydrodynamic flow resistance. In hBN containing oils, the increase was observed at a
lower level, with viscosity rising from 64.20 mm? /s in HBNO-1 to 67.10 mm?2 /s in HBNO-4;
Although the shear stress effect of the layered crystal structure facilitates shear, the behavior
can be explained by the inevitable increase in flow resistance as the additive level rises [38].
The HSG additive oil series has the most balanced nano-additive oil, with viscosity reaching
66.40 mm? /s in HSGO-4 from 64.05 mm?/s in HSGO-1. The easy movement of two-
dimensional carbon derivatives in the o0il caused the increase in viscosity to remain at a
low level [39,40]. The highest viscosity values were obtained in the formulation containing
hybrid additives. The viscosity of 64.80 mm? /s in HYBO-1 hybrid additive nano-particle
oil increased to 70.50 mm? /s in HYBO-4. This increase is associated with the combination
of B4C, hBN, and HSG particles, which creates a denser microstructural structure by
enhancing both interparticle and particle oil interactions [41,42]. This structure significantly
affects the viscous behavior of the oil medium. In terms of viscosity increase at the same
additive ratios, hybrid-additive oils showed the highest increase, followed by B4C, hBN,
and HSG-additive oils, respectively. This shows that viscosity is significantly affected not
only by the amount of additives but also by the hardness and shape of the particles and
their flow (rheological) behavior under shear conditions [43,44].

3.3. XRD Analysis

Figure 4 shows the XRD peaks of the sample prepared by cutting a section from
a single-cylinder gasoline engine. The peaks generally indicate an Al-Si-based matrix
and show that the composition is consistent with the 4032 Al alloy. Distinct Al and Si
peaks reveal that the surface has a microstructure consisting of Al-rich phases and Si-
containing phases.

20,000 — 20,000
- Gasoline motor surface
18,000 = - 18,000
16,000 - < L 16,000
14,000 o - 14,000
512,000 - . 12,000
o g
E\10 000 - 8 I 10,000
2 8000 - < . I 8000
K] =)
£ 6000+ = 8
- —
4000 | = <
w
2000 l
0 -
-2000 . . . . . -2000
20 30 40 50 60 70 80

20 (Degree)

Figure 4. XRD peaks of the gasoline engine surface.

The XRD pattern confirms that the sample is an Al-Si-based 4032 aluminum alloy and
shows that the face-centered cubic (FCC) Al and diamond-type crystal structure Si phase
are dominant. The significance of the Al(111) peak with the highest intensity, along with
the A1(200), Al(220), and Al(311) peaks, suggests that the surface is aluminum dominant
and that the prominence of the Al(111) peak in particular may indicate that aluminum is
dominant on the measured surface. However, the observed Si(111), Si(220), Si(311), Si(400),
and Si(331) peaks indicate the presence of the Si phase in the alloy structure and show a
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phase distribution consistent with the expected high Si content microstructural components
in the 4032 alloy [45,46]. In addition to phase identification, the diffraction profiles provide
information on the near-surface substructure, which can be modified by specimen finishing.
The sequential SiC grinding (120-2000 grit) applied before testing is expected to introduce a
shallow mechanically affected layer with increased dislocation density and residual stresses,
which may manifest as minor changes in peak breadth (FWHM) and relative intensities
of the Al reflections (texture effects). It should also be noted that the tribofilms formed
under mixed lubrication are typically very thin compared to the massive Al-Si substrate;
therefore, conventional 6-20 XRD has limited sensitivity to detect tribofilm chemistry after
testing. For this reason, the post-test interfacial modifications were primarily assessed
using SEM/EDS mapping and line-scan analyses (Section 3.4), which directly confirmed
additive-derived elements (B, N, C) and tribo-oxidation (O) across the wear track.

3.4. Friction and Wear Analysis

Figure 5 shows the evolution of the coefficient of friction (COF) and average COF val-
ues over a distance of 0-500 m in tests conducted with base oil (BO) and nano-additive oils.
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Figure 5. Change in the coefficient of friction (COF, ) as a function of sliding distance in tribological
tests performed with base oil (BO) and nano-additive oils: (a) B4C nano-additive oils (BCO-1-BCO-4),
(b) hBN nano-additive oils (HBNO-1-HBNO-4), (c) HSG nano-additive oils (HSGO-1-HSGO-4), and
(d) hybrid nano-additive oils (HYBO-1-HYBO-4).

In the base oil (BO) test sample, the coefficient of friction (COF) gradually increased
during the test, and the average COF was measured as 0.119. In the B4C-additive oil series
(Figure 5a), the average COF value decreased to 0.115 in the BCO-1 (0.025 g/25 mL) and
BCO-4 (0.2 g/25 mL) oils with low and high additive ratios, respectively, providing a slight
reduction compared to BO. The average COF value of the BCO-2 sample was 0.120, which
is similar to that of the BO sample. In contrast, the increase in the average COF to 0.135
in the BCO-3 sample indicates that B4C particles at this additive ratio may cause irregular
third-body wear at the interface, thereby increasing sliding resistance. In general, lower
friction values were obtained with B4C addition, especially at low addition levels [47]. A
significant decrease in the coefficient of friction was observed in all concentrations of hBN
nano-additive oils (Figure 5b) compared to the base oil (BO). The lowest friction value in
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the hBN oil series was obtained with HBNO-1, which had an average COF of 0.055. As the
additive level increased, the average COF values in HBNO-2, HBNO-3, and HBNO-4 nano-
additive oils increased to the range of 0.088-0.095. This indicates that the accumulation of
particles at high nano-additive ratios may negatively affect tribofilm formation, leading
to an increase in friction [48]. In HSG nano-additive oils (Figure 5c), the coefficient of
friction (COF) gradually decreased as the additive concentration increased. While the
average COF value for HSGO-1 was 0.055, this value decreased to 0.035 in the HSGO-4
sample. This situation shows that the HSG additive reduces sliding resistance by forming a
more homogeneous and stable carbon-based tribofilm on the contact surface [49,50]. In the
hybrid additive oil series (Figure 5d), the lowest coefficient of friction (COF) of 0.036 was
obtained with HYBO-1. This indicates that at low hybrid additive levels, the film effect of
hBN and HSG, which provides low sliding resistance, can work effectively in conjunction
with the load-carrying properties of B4C [51]. The increase in the average COF value to the
range of 0.079-0.088 at higher hybrid additive levels indicates that excessive accumulation
and irregular transport in a multi-particle environment may increase the third-body effect,
thereby raising friction again [52].

The heat map is shown in Figure 6, with the color scale representing the COF values;
lower COF values are shown in lighter tones, while higher COF values are shown in
darker tones.

Coefficient of friction
0.1360

0.1162

0.09640
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Figure 6. Heat map of the friction coefficient (COF) measured depending on the type of additive
(B4C, hBN, HSG, and hybrid) and the additive ratio (0.025-0.2 wt.%).

Figure 6 shows that the additive type and additive ratio determine the friction behavior
together, and that this effect is not linear. It is observed that the friction coefficient in B4C-
additive oils is highly sensitive to changes in the additive ratio, with friction increasing
in oils containing 0.1% B4C, while COF changes are more limited at other ratios [53]. In
hBN-additive oils, the friction coefficient decreased at low additive ratios (0.025-0.05 wt.%)
and then increased again as the additive ratio increased. In HSG nano-additive oils, the
low-friction region was wider, and lower COF values were obtained as the additive ratio
increased. In hybrid-additive oils, the COF values increased with increasing additive
ratios [54,55].

Figure 7 shows the EDX spectra and atomic percentage (At%) distributions of elements
obtained from the wear trace region of the hybrid nanoparticle-added samples.
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Figure 7. FE-SEM/EDS line-scan analysis results along the wear tracks of the base (BO) and HSGO-4
and HYBO-4 samples.

It should be noted that the base fluid is a fully formulated commercial engine oil
containing a proprietary additive package; therefore, the interfacial chemistry can be
complex. In this context, SEM/EDS results are interpreted qualitatively and comparatively:
they indicate the distribution of additive-related elements and tribo-oxidation features
across the wear track, but they do not uniquely resolve the complete tribofilm chemistry or
isolate all contributions of the commercial additives. Accordingly, the proposed mechanism
is presented as being consistent with additive-assisted tribofilm formation rather than as a
fully deconvoluted tribochemical pathway. These comparative EDS line-scan results show
that the element distribution at the contact interface changes significantly between the
BO oil without additives and the oils containing graphene (HSGO-4 and hybrid HYBO-
4). The generally high levels of Al and Si element lines on the sample surface in BO oil
and the concentration of the O element in some areas indicate that local oxidation (tribo-
oxidation) occurred during friction [56,57]. In HSGO-4 oil (0.2 g/25 mL additive), the
Al and Si elements in the sample continue to represent the chemical composition of the
substrate material. However, the significant and continuous distribution of the C element
along the wear track indicates that the graphene-derived HSG has been transferred to the
contact surface and formed a surface film with high carbon content. This film can reduce
friction resistance during sliding, thereby directly reducing metal-to-metal contact and
thus decreasing wear tendency [58]. In the hybrid-additive HYBO-4 oil, the C element was
strongly observed on the sample surface along the wear track. Additionally, the detection
of N and B elements in the same areas indicates that the graphene-based film layer forms a
multi-component tribo-film structure together with BN components from hBN [59]. In both
samples, the carbon phase containing graphene formed a continuous film on the surface,
and in the hybrid oil, BN also contributed to this structure. This situation indicates that a
more protective sliding layer is formed compared to the BO sample, which is consistent
with lower friction and wear behavior.

Figure 8 shows SEM images (general view and magnified areas) of the wear surface
after wear tests on the gasoline engine base material. Figure 8 shows that the sample
in base oil without additives exhibits more aggressive wear, with obvious scratch traces
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and dense wear particles, along with micro ploughing. In the BCO-4 (0.2 g/25 mL) oil,
scratch and plastic deformation marks are observed on the sample surface, along with
accumulations corresponding to B4C particles. This indicates that the particles create a
third-body effect in the contact area but also provide some limited surface protection.
The wear track of the sample surface in HBNO-1 (hBN 0.025 g/25 mL nano-additive)
oil has a more regular appearance. The scratching intensity is reduced, and tribofilm
formation is more clearly visible in some areas. This is consistent with hBN forming a more
lubricious film layer at the contact interface due to its layered structure, thereby reducing
friction and surface damage [60,61]. The test sample in HSGO-4 (HSG 0.025 g/25 mL
nano-additive) oil is distinguished from other samples by its distinct tribofilm traces and
more homogeneous wear scar appearance. This indicates that graphene-derived HSG
forms a carbon-based protective layer on the contact surface and reduces the effect of wear
particles [51,62]. In the HYBO-1 (0.025 g hybrid additive) oil sample surface, local traces
indicating the transfer of solid phases from B;C and hBN to the surface are observed, along
with a significant reduction in micro grooving. This situation demonstrates that the hybrid
additive formulation, at appropriate additive ratios, can limit surface damage in a more
balanced manner by forming a multi-component tribofilm.
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Figure 8. SEM images of the wear surface of the BO, BCO-4, HBNO-1, HSGO-4, and HYBO-1 gasoline
engine substrate material.
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Figure 9 shows EDS mapping (element distribution maps) images from the wear track
area of the gasoline engine substrate material.
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Figure 9. EDS mapping images of the wear track area on the gasoline engine surface.
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A comparative analysis of Figure 9 shows that the Al and Si elements belonging
to the base material are generally continuously distributed throughout the wear track
in all samples. In contrast, the concentration of the O element in some areas indicates
oxidized areas formed as a result of tribo-oxidation due to friction heat [63]. The presence
of B and C elements together in the same areas in the ByC-added sample indicates that
phases from boron carbide are transferred to the contact surface and can function as a
third body or a partially protective phase there [64]. The detection of B and N elements
together in the same regions in the hBN-additive sample indicates that hBN is present at
the contact interface along the wear trace. This supports the idea that hBN contributes
to the formation of a film layer that facilitates sliding due to its layered structure [65,66].
In oils containing HSG, the more intense and widespread distribution of the C element
in the test samples indicates that graphene-derived carbon phases are transported to the
contact surface, forming a tribofilm layer with high carbon content [27,67]. In the hybrid
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sample, the presence of B and N elements alongside C in the same wear zone suggests the
development of a multi-component tribofilm and the contribution of different additive
phases at the interface.

4. Conclusions

This study aimed to compare the tribological performance of B4C, hBN, HSG, and
hybrid (B4C + hBN + HSG) nano-additives in an SAE 5W-30 gasoline engine oil on an
Al-Si (4032) engine-block alloy substrate under reciprocating mixed lubrication. The re-
sults demonstrate that the friction response is strongly governed by additive chemistry
and loading level. The rheological results show that nanoparticle addition increases the
kinematic viscosity of the base oil (BO: 63.80 mm?/s), with the largest increase observed for
the hybrid formulation (up to 70.50 mm? /s in HYBO-4), indicating a stronger particle oil
interaction and higher flow resistance at elevated solid contents. The base oil exhibited an
average coefficient of friction (COF) of 0.119, whereas the additives provided substantial
reductions depending on concentration. Among the tested formulations, low-additive hBN
(HBNO-1) vielded a pronounced friction decrease (COF = 0.055), indicating that even a
small amount of hBN can effectively reduce shear at the interface. In contrast, HSG showed
a concentration-dependent improvement, reaching the lowest COF in the study at the
highest HSG loading (HSGO-4, COF = 0.035), consistent with the formation of a more con-
tinuous carbon-based tribofilm. The hybrid formulation produced very low friction at low
additive (HYBO-1, COF = 0.036), while higher hybrid loadings tended to increase friction,
suggesting that excessive multi-particle accumulation can enhance third-body effects and
disrupt film uniformity. These numerical trends suggest that tribological improvement is
controlled by an optimum balance between additive chemistry, particle morphology, and
interfacial film stability rather than by additive presence alone. The superior behavior of
low-loading hBN is consistent with its layered structure, which can facilitate easy shear
and formation of a lubricious protective layer at the sliding interface. The concentration-
dependent improvement in the HSG series indicates that graphene-derived carbon phases
require sufficient surface coverage to generate a more continuous carbon-based tribofilm.
By contrast, the unstable friction response of B4C at intermediate loading and the friction
increase at higher hybrid loadings suggest that excessive solid accumulation may promote
irregular third-body effects and reduce the uniformity of the protective film. This interpre-
tation is consistent with the FE-SEM /EDS observations, where additive-derived elements
and tribofilm-related interfacial modification were detected along the wear track. XRD
confirmed that the substrate is dominated by «-Al (FCC) and Si phases, and no evidence
of bulk phase transformation was observed, indicating that the observed improvements
mainly originate from interfacial mechanisms. SEM/EDS observations support that the
best-performing oils promote a protective surface state through additive-derived transfer
and tribofilm formation and by limiting severe abrasive features. Overall, the findings iden-
tify HBNO-1 (low-additive hBN) and HSGO-4 (high-additive HSG) as the most effective
strategies for friction reduction on the studied Al-Si substrate, while hybrid oils require
optimized (low) total loading to avoid adverse third-body behavior. These results directly
address the objective of selecting the most efficient additive type and concentration for
improved mixed lubrication performance.
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