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Abstract: The adhesive wear behaviour of Al2024 aluminium alloy lubricated with oils modified with nanoparticles was examined in this work. The popular industrial 10W40 
motor oil was chosen as the lubricant, and titanium carbide (TiC) and titanium nitride (TiN) nanoparticles were added at weight concentrations of 1%, 3%, and 5% to enhance 
the tribological characteristics. The nanoparticles and lubricants were combined evenly, and the pin-on-disk method was used to test the samples' resistance to wear. 
Following tests with predetermined parameters, a detailed analysis of the worn surfaces was performed using techniques from SEM, FT-IR, and optical microscopy. The 
findings showed that adding nanoparticles improved wear resistance and decreased the coefficient of friction. On Al2024 specimens, the addition of 3% TiN and TiC 
nanoparticles in particular resulted in more uniform surface deformation and smaller wear tracks. Significant results from this study demonstrate the potential of lubricants 
reinforced with nanoparticles to increase machine performance and service life in industrial settings. 
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1 INTRODUCTION 
 

The increasing demand for high-performance and 
energy-efficient mechanical systems has intensified the 
need for advanced lubrication strategies to mitigate friction 
and wear. Traditional lubricants often fall short under 
extreme operating conditions, such as high loads and 
temperatures, leading to the exploration of novel additives 
to enhance their tribological properties [1]. 

Nanoparticles have emerged as promising additives 
due to their unique size-dependent properties and ability to 
form protective tribofilms on contact surfaces. Studies 
have demonstrated that incorporating nanoparticles like 
titanium carbide (TiC) and titanium nitride (TiN) into 
lubricants can significantly reduce the coefficient of 
friction and wear rates [2]. These enhancements are 
attributed to mechanisms such as the formation of                         
self-assembled tribofilms, the mending effect where 
nanoparticles fill surface asperities, and the rolling effect 
that facilitates smoother motion between contact surfaces 
[3]. 

Specifically, TiC and TiN nanoparticles have shown 
effectiveness in improving the tribological performance of 
lubricants. Their high hardness and thermal stability 
contribute to the formation of durable tribofilms that 
protect surfaces under severe conditions [2]. Furthermore, 
the optimal concentration of these nanoparticles is crucial, 
as excessive amounts may cause agglomeration and 
adversely affect lubricant performance [3]. 

With the advancement of technology, while human 
labor in industry is decreasing, an increase in machine 
usage is being observed. Developing wear-prevention 
strategies to enhance the durability and performance of 
machines has become critical. Metal materials are 
generally preferred in production; however, lubricants are 
used to reduce friction and wear between surfaces [1]. 
Although conventional lubricants offer many advantages, 
their performance can be limited under harsh conditions 
such as high temperature, pressure, and contamination [2]. 

The use of titanium-based nanoparticles as lubricant 
additives has garnered significant attention due to their 
exceptional tribological properties, including high 

hardness, thermal stability, and chemical inertness. 
Titanium dioxide (TiO₂), titanium carbide (TiC), and 
titanium nitride (TiN) nanoparticles have been widely 
studied for their ability to reduce friction and wear in 
mechanical systems. These nanoparticles contribute to 
forming protective tribofilms on contact surfaces, 
minimizing direct metal-to-metal interaction and altering 
wear mechanisms from severe adhesive to mild oxidative 
or abrasive wear [4]. For instance, TiO₂ nanoparticles have 
demonstrated the ability to reduce the coefficient of friction 
and improve surface smoothness under varying loads and 
temperatures [5]. Similarly, TiN and TiC nanoparticles 
have shown promise in enhancing load-carrying capacity 
and wear resistance, particularly in high-temperature 
applications due to their superior mechanical integrity [6, 
7]. These findings confirm the potential of titanium-based 
nanoparticles as effective solid additives for improving 
lubricant performance and extending the service life of 
tribological components. 

Adhesive wear arises when two contacting surfaces 
bond at their asperities and subsequently separate, leading 
to the transfer and loss of material. In the case of abrasive 
wear, harder particles or asperities scratch or plow through 
a softer material, causing surface degradation. Fatigue 
wear is typically the result of cyclic loading, where 
repeated stresses induce crack initiation and propagation 
over time. Erosive wear happens when high-velocity 
particles strike a surface, gradually removing material 
through impact. Meanwhile, corrosive wear stems from a 
synergistic interaction between mechanical friction and 
chemical reactions, which together accelerate material 
deterioration [8]. 

Numerous prior investigations have demonstrated that 
the incorporation of nanoparticles into lubricants leads to 
notable enhancements in tribological performance. In the 
study conducted by Birleanu et al., it was demonstrated that 
adding TiO₂ nanoparticles at concentrations of 0.01%, 
0.025%, 0.050% and 0.075% to lubricants increased the 
load-carrying capacity and reduced friction [9]. Kumar et 
al. [10] conducted a study investigating the tribological and 
physicochemical properties of servo system lubricating oil 
enhanced with TiO₂ nanoparticles, prepared via sonication 
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without surfactants. They found that at volume 
concentrations of 0.2%, 0.4%, 0.6%, and 0.8%, the 
addition of TiO₂ nanoparticles decreased the calorific value 
and flash point, while the wear scar diameter and 
coefficient of friction increased with higher nanoparticle 
content. Mohamed et al. [11] investigated the tribological 
behavior of nano-lubricants by incorporating Al₂O₃ and 
TiO₂ nanoparticles with average sizes of 8-12 nm and 10 
nm, respectively, into engine oil at concentrations ranging 
from 0.05 to 0.5 wt%. Their findings demonstrated a 
noticeable reduction in friction coefficient, wear, and 
power losses in the piston ring assembly, indicating that 
such nano-lubricant additives can significantly improve 
fuel economy and energy efficiency in automotive 
applications. Padgurskas et al. [12] conducted tribological 
investigations using mineral oil enhanced with Fe, Cu, and 
Co nanoparticles (each at 0.5 wt% and in 0.25/0.25 wt% 
combinations), revealing that these additives significantly 
reduced the coefficient of friction and wear, by up to 1.5 
times, primarily due to the formation of protective                   
tribo-layers composed of nanoparticle elements on the 
contact surfaces. 

Al2024 aluminum alloy was selected for this study due 
to its extensive use in aerospace and automotive industries, 
attributed to its high strength-to-weight ratio and good 
fatigue resistance [13]. However, its low surface hardness 
increases its vulnerability to wear, necessitating the 
enhancement of its tribological performance for prolonged 
service life [14]. 

This study investigates the influence of TiC and TiN 
nanoparticle additives on the tribological performance of 
Al2024 aluminum alloy, using 10W40 engine oil as the 
base lubricant. To date, no studies have been found in the 
literature that specifically examine the effects of TiC and 
TiN nanoparticles on the tribological behavior of Al2024 
alloy within this lubrication context. Therefore, this 
research is expected to make a notable contribution to the 
existing body of knowledge on the application of 
nanoparticle-enhanced lubricants. Through pin-on-disc 
wear tests and advanced surface characterization 
techniques, the mechanisms by which these nanoparticles 
affect friction and wear will be explored, ultimately 
supporting the development of more effective lubricant 
formulations for industrial use. 
 
2 MATERIALS AND METHOD 
 

In this study, the adhesive wear behavior of lubricants 
modified with various nanoparticles was systematically 
investigated on selected metallic surfaces, guided by 
relevant findings in the literature. Lubricant formulations 
were prepared using specific combinations of nanoparticle 
additives and metal substrates, and their tribological 
performance was assessed through standardized wear 
testing methods. Among the selected materials, Al2024 
was chosen due to its widespread use in industrial 
applications [13]. The chemical composition of this alloy 

was obtained from previously published sources and is 
presented in Tab. 1. 
 

Table 1 Chemical composition of Al2024 alloy (by weight %) [15] 
Element Cu Mg Zn Si Zr Mn Cr Al 
Al2024 4.5 1.6 0.2 0.45 0.10 0.40 0.05 Remain 

 
In this study, TiC and TiN nanoparticles with particle 

sizes under 44 microns were employed, provided in a -325 
mesh grade, meaning they could fully pass through the 
corresponding sieve (Tab. 2). This fine size distribution 
was chosen to improve surface interaction and to support a 
more uniform dispersion of the particles within the 
lubricant formulation. 

The titanium-based nanoparticles used in this study 
were titanium carbide (TiC) and titanium nitride (TiN), 
both selected for their superior tribological properties. The 
TiC nanoparticles had a purity of 98% and a particle size 
of -325 mesh, corresponding to particles smaller than 44 
microns. Their molecular weight was 59.88 g/mol, and the 
Chemical Abstract Service (CAS) number was                 
12070-08-5. On the other hand, the TiN nanoparticles were 
of higher purity at 99.5%, also with a -325 mesh particle 
size. The molecular weight of TiN was 61.91 g/mol, and its 
CAS number was 25583-20-4. These characteristics 
ensured suitability for homogeneous dispersion in 
lubricants and effective interaction with metal surfaces 
during tribological testing. 

The lubricant selected as the base fluid in this study 
was a commercially available motor oil classified under the 
10W40 viscosity grade. The base lubricant used in this 
study was a 10W40 engine oil, characterized by a 
kinematic viscosity of 90 mm²/s at 40 °C and 13.4 mm²/s 
at 100 °C. It has a viscosity index of 150, indicating stable 
viscosity behavior across temperature changes. The oil's 
density at 15 °C is 0.882 g/ml, with a flash point of 210 °C, 
demonstrates its thermal stability. Additionally, it 
maintains fluidity at low temperatures, with a pour point of 
−39 °C. These properties make it a suitable candidate for 
evaluating the influence of nanoparticle additives on 
tribological performance. 

TiC and TiN nanoparticles were incorporated into the 
base lubricants at varying weight percentages, as detailed 
in Tab. 2. To achieve uniform distribution of the 
nanoparticles within the oil medium, advanced dispersion 
methods were employed. The formulation of the lubricant 
samples was conducted in accordance with the following 
procedure. 
 

Table 2 Composition of test samples with nanoparticle additives 

Nano-Lubricant Name Nanoparticle 
Metal Content (g/100 ml of 

oil) 
10W40 - - 

10W40 + TiC1 TiC 0.1 
10W40 + TiC3 TiC 0.3 
10W40 + TiC5 TiC 0.5 
10W40 + TiN1 TiN 0.1 
10W40 + TiN3 TiN 0.3 
10W40 + TiN5 TiN 0.5 

 
Table 3 Parameters used during the Pin-on-Disk wear test 

Parameter 
Rotational 

Speed / rpm 
Track Diameter 

/ mm 
Sliding Speed 

/ mm/s 
Duration / s 

Total Sliding 
Distance / mm 

Normal 
Load / N 

Sampling Frequency 
/ Hz 

Test Ambient 
Temperature / °C 

Value 600 12 377 1326 500000 6.4 50 30 
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The formulated lubricants, containing both pure and 
nanoparticle-enhanced compositions, were applied to 
distinct metal specimens and subjected to wear testing. 
Tribological assessments were conducted using the pin on 
disk method, in which a 52100 SAE bearing steel ball with 
a hardness between 58 and 66 HRC served as the counter 
surface. To ensure repeatability and reliability, all tests 
were performed under consistent conditions. The detailed 
parameters of the wear tests are presented in Tab. 3. The 
Al2024 specimens were tested individually using both the 
standard base oil and lubricants enhanced with 
nanoparticles. Following the wear tests, comprehensive 
surface analyses were conducted utilizing Scanning 
Electron Microscopy (SEM), Optical Microscopy, and 
Fourier Transform Infrared Spectroscopy (FT-IR). These 
analytical techniques enabled a thorough examination of 
the surface morphology, chemical alterations, and the 
dominant wear mechanisms observed on the Al2024 
samples. 
 
3 RESULTS AND DISCUSSION  
 

In this study, the effects of adding different ratios (0.1, 
0.3, and 0.5 g/100 ml of oil) of TiC and TiN nanoparticles 
into 10W40 engine oil on the tribological performance of 
Al2024 alloy samples were investigated. FT-IR analysis of 
the prepared nanoparticle oils were performed. 

The aim of FT-IR analysis is to observe the spatial 
oscillations of TiC nanoparticles added at 1, 3 and 5% in 
10W40 oil. We can see that there are four sharp peaks in 
the wavenumber range of 400-4000 cm−1 for all TiC ratios 
(Fig. 1). The first peak corresponding to the wavenumber 
value of 650 cm−1 in the sample is consistent with the Ti-C 
bond. The peak observed at the wavenumber of 650 cm−1 
clearly characterizes the vibration between Ti and C atoms. 
The peak corresponding to the wavenumber of 1450 cm−1 
is formed by the C atoms on the surface of TiC 
nanoparticles with respect to the surrounding oxygen and 
characterizes the C-O bonds. Normally, the peaks observed 
at 2350 cm−1 and 2690 cm−1 wavenumbers belong to              
Ti-OH or Ti-O bonds formed as a result of the interaction 
of Ti atoms on the surface with water molecules or ambient 
oxygen, but when TiC was added into 10W40, it was 
observed that the peaks shifted to the left [16, 17]. 

The FT-IR spectrum of 10W40 oil containing 1, 3 and 
5% TiN is given in Fig. 2. The FT-IR spectrum shows the 
presence of compounds containing Ti, N, C and O single 
bonds. While the stretching vibrations of the Ti-C bond are 
normally observed at 550 cm−1 [18, 19] and the Ti-N 
stretching mode at 600 cm−1 [20, 21], it was observed that 
in 10W40 these peaks shifted to the left by approximately 
100 cm−1, similar to the 10W40 including TiC 
nanoparticles FT-IR as results. For TiC-enhanced 
lubricants, these prominent Ti-C stretching vibrations 
confirmed the presence of ceramic phases capable of 
forming protective tribofilms. The peak around 1445 cm−1 
is attributed to C-O bond [17, 22], while the stretching band 
of –N = C = N- was observed in the sample containing 0.3 
g TiN with a very small peak at 2050 cm−1 wavenumber, 
the peak at around 2914 cm−1 belongs to C-H [18, 19]. 
These peaks confirm the presence of organic-inorganic 
hybrid structures. These chemical features imply that TiN 
nanoparticles participate in tribochemical reactions, 

forming low-shear-strength films that reduce friction and 
wear. Besides, the C-O bonds peaks were likely formed 
due to surface oxidation of TiC particles. Additional peaks 
at ~ 2350 and ~ 2690 cm⁻¹, associated with Ti-OH and        
Ti-O bonds, suggest interaction with ambient moisture and 
oxygen, facilitating tribofilm formation. Notably, these 
peaks exhibited a leftward shift upon nanoparticle addition, 
indicating altered chemical environments and possible  
bonding with oil constituents. 
 

 
Figure 1 FT-IR graphs of 10W40 oil including different amounts of TiC 

 
In summary, the spectra revealed distinct vibrational 

bands corresponding to Ti-C, Ti-N, C-O, Ti-O, and Ti-OH 
bonds, which provide insight into the formation of 
tribochemical films and surface interactions. 

In this study, the effects of 10W40 engine oil and the 
incorporation of TiC and TiN nanoparticles on the 
tribological performance of Al2024 alloy specimens were 
investigated using pin-on-disk wear tests. The 
experimental findings were assessed based on both the 
coefficient of friction and weight loss measurements, and 
the interactions between the Al2024 material, lubricant, 
and nanoparticle additives were comprehensively 
analyzed. Coefficient of Friction results are for Al2024 
plotted in Fig. 3. 
 

 
Figure 2 FT-IR graphs of 10W40 oil including different amounts of TiNi 

 
Based on the tribological test results obtained for the 

Al2024 alloy, the average coefficient of friction in the 
unlubricated (pure) condition was measured as 2.72, 
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indicating a high level of surface interaction and friction in 
the absence of lubrication (Tab. 4). Upon the application of 
10W40 engine oil, a substantial reduction was observed, 
with the coefficient dropping to 0.83. This demonstrates 
the lubricant's ability to form a protective film layer 
between surfaces, significantly minimizing direct metal-to-
metal contact. 
 

 
Figure 3 Coefficient of friction results for Al2024 with 10W40 + TiC additives 

 
The addition of TiC nanoparticles to the lubricant led 

to noticeable changes in friction behavior. At a 1% TiC 
concentration, a slight increase in the coefficient to 0.84 
was observed, possibly due to micro-abrasive effects 
introduced by the dispersed particles. When the TiC 
content was raised to 3%, the coefficient further increased 
to 0.98, suggesting that higher particle density may have 
disrupted the continuity of the lubricant film and 
intensified localized contact stresses. Interestingly, at 5% 
TiC concentration, the coefficient of friction decreased 
again to 0.78. This could indicate that, at higher 
concentrations, the nanoparticles were more uniformly 
distributed, resulting in a more stable tribo-film that 
reduced friction more effectively. 
 
Table 4 Average friction coefficient results of Al2024 with 10W40 + TiC additives 

 Pure 10W40 
10W40 
+ TiC 

%1 

10W40 
+ TiC 

%3 

10W40 
+ TiC 

%5 
Average 

Coefficient of 
Friction (µ) 

2.72 0.83 0.84 0.98 0.78 

 
The unexpected decrease in tribological performance 

observed with 3% TiC addition may be due to the 
agglomeration of nanoparticles and the disruption of oil 
film integrity. At moderate concentrations, particles may 
aggregate due to insufficient dispersion energy or 
inappropriate surface modification [23]. These aggregates 
can act as hard abrasives that cause localized stress 
increases on the surface, increasing both abrasive and 
adhesive wear. Optimizing concentration is crucial in 
nanoparticle-added oil formulations. Additive levels that 
are too low or too high can negatively impact performance 
through various mechanisms. 

Overall, the impact of TiC nanoparticles on 
tribological performance was found to be non-linear and 
highly dependent on the concentration. The 5% TiC 
addition yielded the lowest friction value among the 
modified lubricants, highlighting that an optimal particle 
concentration can enhance the tribological properties of 
Al2024 alloy. These findings emphasize the importance of 
carefully optimizing nanoparticle content to achieve 

desirable performance in nano-lubricant systems. 
Coefficient of friction results for Al2024 with 10W40 + 
TiN additives were given in Fig. 4. 
 

 
Figure 4 Coefficient of friction results for Al2024 with 10W40 + TiN additives 
 

The results indicate a substantial reduction in the 
average coefficient of friction (µ) for Al2024 alloy upon 
the addition of TiN nanoparticles to 10W40 engine oil. The 
pure Al2024 sample, tested without any lubricant, 
exhibited a significantly high friction coefficient of 2.72, 
highlighting the inherently poor tribological performance 
of untreated aluminum surfaces (Tab. 5). The use of base 
oil alone reduced this value drastically to 0.83, confirming 
the lubricant's essential role in forming a protective 
boundary layer. 
 
Table 5 Average friction coefficient results of Al2024 with 10W40 + TiN additives 

 Pure 10W40 
10W40 
+ TiN 

%1 

10W40 
+ TiN 

%3 

10W40 
+ TiN 

%5 
Average 

Coefficient of 
Friction (µ) 

2.72 0.83 0.64 0.77 0.98 

 
The incorporation of TiN nanoparticles further 

improved performance, especially at 1% and 3% 
concentrations. The lowest friction value was obtained at 
1% TiN (µ = 0.64), suggesting that at this concentration, 
the TiN particles were optimally dispersed within the oil 
matrix and contributed to the formation of a stable             
tribo-film on the aluminum surface. At 3% TiN, the friction 
coefficient increased slightly to 0.77, yet it remained lower 
than the base oil alone. This may be attributed to slight 
agglomeration or changes in oil viscosity. However, at 5% 
TiN concentration, the coefficient of friction rose to 0.98, 
possibly due to particle clustering or a disruption in 
lubricant film stability, which may have introduced mild 
abrasive effects. 

In summary, TiN additives were found to significantly 
enhance the tribological performance of Al2024 at optimal 
concentrations, with diminishing benefits or even adverse 
effects observed at higher loadings. This underlines the 
necessity of concentration optimization when formulating 
nanoparticle-reinforced lubricants for aluminum-based 
components. 

Based on the wear test results, the weight loss data 
obtained from experiments on the Al2024 alloy 
demonstrate that the addition of nanoparticles has a 
significant impact on tribological performance (Tab. 6). 
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Table 6 Weight loss results from wear tests of Al2024-based samples with TiC 
and TiN additives 

Al2024 Weight Loss / g 

Pure 0.0458 

10W40 0.0004 

10W40 + TiC1 0.0003 

10W40 + TiC3 0.0005 

10W40 + TiC5 0.0066 

10W40 + TiN1 0.0003 

10W40 + TiN3 0.0003 

10W40 + TiN5 0.0003 

 
The pure (unlubricated) Al2024 sample exhibited the 

highest wear, with a measured weight loss of 0.0458 g. 
When 10W40 motor oil was used, this value was 
dramatically reduced to 0.0004 g, indicating the 
effectiveness of the lubricant in minimizing wear. With the 
addition of TiC nanoparticles, the lowest wear loss was 
observed at 1 wt%, with a value of 0.0003 g. However, at 
5 wt% TiC, the weight loss sharply increased to 0.0066 g, 
suggesting that high concentrations of TiC may induce 
abrasive effects on the surface and compromise the 
protective nature of the lubricant film. 

In contrast, all concentrations of TiN nanoparticles 
(1%, 3%, and 5%) resulted in consistently low wear values 
of 0.0003 g, indicating a stable wear resistance on the 
Al2024 surface. These results imply that TiN provides 
reliable surface protection and does not disrupt the 
lubricant's film-forming ability, even at higher 
concentrations. 

In this study, the tribological performance of the 
Al2024 alloy was investigated using 10W40 synthetic 
lubricants containing TiN and TiC nanoparticle additives. 
The aim was to evaluate how these additives affect surface 
wear and assess their potential to extend material life. 3D 
Optic microscope images were used to examine the wear 
mechanisms, and the surface deformations were analyzed 
in detail in terms of abrasive and adhesive wear. In Fig. 5, 
3D microscope images revealed the wear mechanisms in 
detail and demonstrated how surface deformations varied 
in terms of abrasive and adhesive wear. 

3D optical microscopy revealed significant differences 
in surface topography across the tested samples, directly 
correlating with the type and concentration of nanoparticle 
additives. The unlubricated Al2024 surface exhibited deep, 
irregular grooves and micro-pits, which are indicative of 
severe adhesive and abrasive wear. These features reflect 
uncontrolled surface damage due to direct metal-to-metal 
contact. 

In contrast, smoother and more uniform wear tracks 
were consistently produced by TiN-enhanced lubricants. 
At 1 wt%, TiN reduced groove depth and improved surface 
homogeneity. At 3 wt%, the wear tracks became shallower. 
They also became more evenly distributed. This suggests 
the formation of a stable tribofilm. The 5 wt% TiN sample 
exhibited the least surface damage. It had nearly 
imperceptible wear features. This confirms its superior 
tribological performance. This behaviour is attributed to 
TiN's excellent dispersion and thermal stability, which 
promote consistent tribofilm formation and suppress both 
adhesive and abrasive wear. 

TiC-enhanced lubricants showed a more 
concentration-dependent response. At 1 wt%, we observed 
moderate improvement, with partial suppression of 

adhesive wear. The 3 wt% sample revealed mixed wear 
behavior. This included localized micro-abrasion. This was 
likely caused by particle clustering. Interestingly, the 5 
wt% TiC sample exhibited the lowest wear depth among 
TiC variants, with smoother surface morphology and 
minimal groove formation. This suggests that at optimal 
concentration, TiC nanoparticles contribute to tribological 
protection through mending and rolling effects. However, 
if dispersion is not well-controlled, abrasive interactions 
may be risked by excessive TiC. 

In general, TiN additives showed consistent 
improvements in tribology at all concentrations, while TiC 
needed precise optimisation to strike a balance between its 
protective and abrasive properties. These findings confirm 
that nanoparticle-enhanced lubricants significantly alter 
wear behaviour and that 3D optical microscopy is a 
valuable tool for studying this phenomenon. 
 

 
Figure 5 Al2024 sample surface wear analysis under 10W40 Oil with TiC and 

TiN Additives (3D optical microscopy images) 
 

Abrasive wear occurs as a result of mechanical 
abrasion caused by hard particles on the surface. Using 
pure Al2024 as the reference, the influence of nanoparticle 
additives on surface deformation was analyzed. On the 
surface of the pure Al2024 specimen, pronounced 
scratches and irregular micro-pitting were observed. The 
wear tracks appeared to be directionally aligned but varied 
in depth across different regions. The addition of TiN 
nanoparticles at concentrations of 1%, 3%, and 5% resulted 
in a more controlled surface wear behavior. The depth of 
wear tracks decreased, and the surface exhibited a more 
homogeneous wear pattern. Notably, the lubricant 
containing 5% TiN produced the lowest wear marks, 
indicating its effectiveness in minimizing surface 
deformation. The addition of TiC at concentrations of 1%, 
3%, and 5% demonstrated a more effective suppression of 
wear-induced deformation due to the inherent hardness of 
the particles. The surface lubricated with oil containing 5% 
TiC exhibited the lowest depth of scratches and effectively 
minimized abrasive wear, indicating superior surface 
protection.  

Adhesive wear is a form of mechanical damage that 
occurs when surfaces stick to each other and material is 
transferred between them. In this study, the effectiveness 
of TiN and TiC nanoparticle additives in preventing metal 
transfer on Al2024 alloy surfaces was evaluated. For the 
pure Al2024 surface, noticeable signs of metal transfer 
were observed in the images, along with local deformations 
and material accumulation in certain regions. The addition 
of TiN nanoparticles significantly reduced surface 
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adhesiveness, with the 5% TiN-containing lubricant 
effectively suppressing adhesive wear marks and 
minimizing metal transfer. Similarly, the use of TiC 
additives demonstrated a strong ability to control adhesive 
wear. Notably, the surface lubricated with 5% TiC 
exhibited almost no signs of metal transfer, indicating that 
the TiC particles acted as an effective barrier at the contact 
interface. Previous studies [24-26] have shown that the 
addition of TiN and TiC significantly enhances tribological 
performance by effectively controlling abrasive wear. 

The morphology of the Al2024 sample showed a 
smooth surface appearance. The visible dark areas 
represent pores or voids left behind by the removal of 
particles broken off from the surface during the pin-on-disk 
test. This uniform distribution of the second phase within 
the matrix alloy is a characteristic of the in situ powder 
metallurgy method [27]. There is a second phase consisting 
of small particles that appear to be homogeneously 
distributed on the Al2024 surface. The sizes of these 
particles found on the studied Al 2024 are in the range of 
0.5 µm to 3 µm (Fig. 6). 
 

 
Figure 6 SEM images of Al2024 at 500 and 1000X scale 

 
The tribological performance data obtained in this 

study indicate that the addition of TiN and TiC 
nanoparticles to 10W40 engine oil as an additive has 
significant effects, particularly on the Al2024 alloy. The 
results indicate that TiN and TiC nanoparticle-added 
10W40 oils have significant potential for use in various 
industrial areas. One of the most suitable sectors for such 
advanced lubrication solutions is the automotive sector. 
Minimizing surface wear and extending component life are 
critical in high-friction components such as engine parts, 
gears, and piston-cylinder surfaces. The study observed 
that the coefficient of friction decreased from 0.83 to 0.64 
with 1% TiN addition, representing approximately a 23% 
decrease compared to the base oil. Furthermore, the wear 
rate remained constant and low (0.0003 g) in all TiN-added 
samples. These data indicate that TiN-added oils can be 
used effectively in the automotive sector, particularly in 
internal combustion engine systems and powertrains. 
Similarly, the aerospace industry is another area that could 
directly benefit from such nano-additive lubricants due to 
the widespread use of Al2024 alloy. Reducing surface 
deformation and improving tribological performance in 
structural and moving parts used in aviation is crucial for 
safety and longevity. Literature reports indicate that TiN 
additives effectively control abrasive and adhesive wear 
mechanisms. Therefore, nanoparticle-added oils have a 
high potential for use in aviation applications such as 

landing gear, flap systems, and moving linkages. 
Furthermore, in general engineering applications, TiN 
additives stand out with their stable and low-wear 
performance, particularly in equipment where friction and 
wear directly affect performance, such as bearings, chain 
systems, and gearboxes. Therefore, 10W40 oil with TiC 
and TiN additives is expected to be suitable for long-term 
use in heavy-duty machines or automation systems. 
 
4 CONCLUSIONS 
 

The results obtained from the wear tests conducted on 
Al2024 samples reveal that the addition of TiC and TiN 
nanoparticles to 10W40 engine oil has a notable influence 
on tribological behavior. While the use of base oil alone 
significantly reduced both the coefficient of friction and 
weight loss compared to the dry condition, the integration 
of nanoparticles further modified these outcomes. TiC 
additives showed a non-linear effect: although 1 wt% TiC 
provided a slight reduction in wear, increasing the 
concentration to 5 wt% led to a considerable rise in 
material loss, indicating abrasive behavior at higher 
loadings. In contrast, TiN-enhanced lubricants consistently 
exhibited low wear values across all concentrations tested, 
suggesting superior surface protection and better 
compatibility with Al2024. These findings demonstrate 
that TiN is a more effective additive for improving the wear 
resistance of Al2024 alloy under lubricated conditions, 
whereas the application of TiC should be carefully 
optimized to avoid negative effects at higher 
concentrations. 

While this study demonstrates the potential of TiC and 
TiN nanoparticle additives to improve the tribological 
performance of 10W40 lubricants, all experiments were 
conducted under controlled laboratory conditions using a 
pin-on-disc setup. This test setup does not fully reflect the 
complex and variable operating conditions encountered in 
real-world applications, such as temperature fluctuations, 
environmental contaminants, and load changes. 
Furthermore, the long-term stability of nanoparticle-added 
oils, including particle precipitation, oxidation, thermal 
degradation, and overall oil stability, should be 
investigated in future studies. 
 
5 REFERENCES 
 
[1] Htwe, Y. Z. N., Al-Janabi, A. S., Wadzer, Y., & Mamat, H. 

(2024). Review of tribological properties of                 
nanoparticle-based lubricants and their hybrids and 
composites. Friction, 12, 569-590.  
https://doi.org/10.1007/s40544-023-0774-2 

[2] Sidh, K. N., Jangra, D., & Hirani, H. (2023). An 
Experimental Investigation of the Tribological Performance 
and Dispersibility of 2D Nanoparticles as Oil Additives. 
Lubricants, 11(4), 179.  
https://doi.org/10.3390/lubricants11040179 

[3] Hao, L., Wang, Z., Zhang, G., Zhao, Y., Duan, Q., Wang, Z., 
Chen, Y., & Li, T. (2020). Tribological evaluation and 
lubrication mechanisms of nanoparticles enhanced lubricants 
in cold rolling. Mechanics & Industry, 21(1), 108.  
https://doi.org/10.1051/meca/2019085 

[4] Gulzar, M., Masjuki, H. H., Kalam, Md. A., Varman, M., 
Zulkifli, N. W. M., Mufti, R. A., & Zahid, R. (2016). 
Tribological performance of nanoparticles as lubricating oil 
additives. Journal of Nanoparticle Research, 18(8), 223. 



Cemile Eylem URHAN et al.: Investigation of the Effects of Nanoparticle Additive Lubricants on the Adhesive Wear Properties of Al2024 

1070                                                      Technical Gazette 33, 3(2026), 1064-1070 

https://doi.org/10.1007/s11051-016-3537-4 
[5] Ma, L., Ma, L., Lian, J., Wang, S., Ma, X., & Zhao, J. (2024). 

Tribological Behavior and Cold-Rolling Lubrication 
Performance of Water-Based Nanolubricants with Varying 
Concentrations of Nano-TiO2 Additives. Lubricants, 12(11), 
361. https://doi.org/10.3390/lubricants12110361 

[6] Yun-hui, M. & De-hua, T. (2011). Tribological performance 
of Nano-TiN as lubrication additives used in steel-copper 
tribo-pair. Industrial Lubrication and Tribology, 63(2),            
72-77. https://doi.org/10.1108/00368791111112180 

[7] Kavishwar, S., Bhaiswar, V., Kochhar, S., Fande, A., & 
Tandon, V. (2024). State-Of-The-Art Titanium Carbide Hard 
Coatings: A Comprehensive Review Of Mechanical And 
Tribological Behaviour. Engineering Research Express, 6, 
042401. https://doi.org/10.1088/2631-8695/ad7fb7 

[8] Bhushan, B. (2013). Introduction to Tribology. Wiley, 
Columbus, Ohio. 

[9] Birleanu, C., Pustan, M., Cioaza, M., Molea, A., Popa, F. & 
Contiu, G., (2022). Effect of TiO2 nanoparticles on the 
tribological properties of lubricating oil: an experimental 
investigation. Scientific Reports, 12, 5201. 
https://doi.org/10.1038/s41598-022-09245-2 

[10] Kumar, M., Afzal, A., & Ramis, M. K. (2017). Investigation 
of physicochemical and tribological properties of TiO2 
nano-lubricant oil of different concentrations. Tribologia, 
35(3), 6-15. 

[11] Ali, M. K. A., Xianjun, H., Mai, L., Qingping, C., Turkson, 
R. F., & Bicheng, C. (2016). Improving the tribological 
characteristics of piston ring assembly in automotive engines 
using Al2O3 and TiO2 nanomaterials as nano-lubricant 
additives. Tribology International, 103, 540-554. 
https://doi.org/10.1016/j.triboint.2016.08.011 

[12] Padgurskas, J., Rukuiza, R., Prosyčevas, I., & Kreivaitis, R. 
(2013). Tribological properties of lubricant additives of Fe, 
Cu and Co nanoparticles. Tribology International, 60,           
224-232. https://doi.org/10.1016/j.triboint.2012.10.024 

[13] Gasson, P. C. (2006). Light Alloys: From Traditional Alloys 
to Nanocrystals - Fourth edition. I. Polmear Elsevier 
Butterworth-Heinemann, Linacre House, Jordan Hill, 
Oxford. https://doi.org/10.1017/S000192400008670X 

[14] Totten, G. E. & MacKenzie, D. S. (2003). Handbook of 
Aluminum: Vol. 1: Physical Metallurgy and Processes (1st 
ed.). CRC Press. https://doi.org/10.1201/9780203912591 

[15] Dharshan, K., Raju, T. N., Nagaral, M., Bharath, V., Auradi, 
V., Shantharaj, P., & Supreeth, S. (2022). Microstructure, 
tensile and impact behaviour of Si3N4 particles reinforced 
Al2024 matrix composites. Materials Today: Proceedings, 
52(3), 1499-1503. https://doi.org/10.1016/j.matpr.2021.11.224 

[16] Kavishwar, S., Bhaiswar, V., Kochhar, S., Fande, A., & 
Tandon, V. (2024). State-Of-The-Art Titanium Carbide Hard 
Coatings: A Comprehensive Review Of Mechanical And 
Tribological Behaviour. Engineering Research Express, 
6(4). https://doi.org/10.1088/2631-8695/ad7fb7 

[17] Huseynov, E. M., Hakhiyeva, R. R., & Mehdiyev, N. M. 
(2024). FT-IR study of nanocrystalline titanium carbide 
(TiC) particles exposed to gamma radiation. Solid State 
Communications, 378, 115417. 
https://doi.org/10.1016/j.ssc.2023.115417 

[18] Cozza, R. C. (2013). A study on friction coefficient and wear 
coefficient of coated systems submitted to micro-scale 
abrasion tests. Surface and Coatings Technology, 215,               
224-233. https://doi.org/10.1016/j.surfcoat.2012.06.088 

[19] Fainer, N. I., Golubenko, A. N., Rumyantsev, Y. M., Kesler, 
V. G., Maksimovskii, E. A., & Kuznetsov, F. A. (2011). 

Preparation of nanocrystalline titanium carbonitride coatings 
using Ti(N(Et)2)4. Glass Physics and Chemistry, 37,                    
322-329. https://doi.org/10.1134/S1087659611030023 

[20] İpekoğlu, G., Küçükömeroğlu, T. D., Sekban, M., & Çam, 
G., (2018). Sürtünme Karıştırma Kaynağıyla Birleştirilen 
St37/St52 Levhaların Mikroyapı Karakterizasyonu Ve 
Mekanik Özellikleri. Dokuz Eylül Üniversitesi Mühendislik 
Fakültesi Fen ve Mühendislik Dergisi, 20(59), 471-480. 
https://doi.org/10.21205/deufmd.2018205937 

[21] Sedira, S., Achour, S., Avci, A., & Eskizeybek, V. (2014). 
Physical deposition of carbon doped titanium nitride film by 
DC magnetron sputtering for metallic implant coating use. 
Applied Surface Science, 295, 81-85. 
https://doi.org/10.1016/j.apsusc.2014.01.010 

[22] García, J., López, T., Álvarez, M., Aguilar, D. H., & 
Quintana, P. (2008). Spectroscopic, structural and textural 
properties of CaO and CaO-SiO₂ materials synthesized by 
sol-gel with different acid catalysts. Journal of                       
Non-Crystalline Solids, 354(2-9), 729-732. 
https://doi.org/10.1016/j.jnoncrysol.2007.07.074 

[23] Kamiya, H. & Iijima, M. (2010). Surface modification and 
characterization for dispersion stability of inorganic 
nanometer-scaled particles in liquid media. Science and 
technology of advanced materials, 11(4), 044304. 
https://doi.org/10.1088/1468-6996/11/4/044304 

[24] Alipovna M. A., Karaulovich K. A., Vladimirovich P. A., 
Zhanuzakovich A. Z., Bolatovna, K. B., Wieleba, W., 
Lesniewski, T., & Bakhytuly, N. (2023). The study of the 
tribological properties under high contact pressure 
conditions of TiN, TiC and TiCN coatings deposited by the 
magnetron sputtering method on the AISI 304 stainless steel 
substrate. Materials Science Poland, 41(1), 1-14. 
https://doi.org/10.2478/msp-2022-0055 

[25] Jeon, C. Y. (2014). Tribological Characteristics of TiC, TiN 
and TiC/TiN Coatings. Journal of the Korea Academia 
Industrial Cooperation Society, 15(3), 1253-1258. 
https://doi.org/10.5762/KAIS.2014.15.3.1253 

[26] Ali, O., Gyurika, I. G., Korim, T., & Jakab, M. (2024). 
Comparison of the Wear and Friction Properties of Titanium 
Nitride-Based Coatings. Hungarian Journal of Industry and 
Chemistry, 52(2), 35-46. https://doi.org/10.33927/hjic-2024-17 

[27] Akhlaghi, F. & Pelaseyyed, S. A. (2004). Characterization of 
aluminum/graphite particulate composites synthesized using 
a novel method termed "in-situ powder metallurgy". 
Materials science and engineering: A, 385(1-2), 258-266.  

https://doi.org/10.1016/j.msea.2004.06.050 
 
 
Contact information: 
 
Cemile Eylem URHAN 
Usak University, Engineering Faculty, 
64000, Uşak, Türkiye 
E-mail: ceylemurhan@gmail.com 
 
Kadir GÜNDOĞAN, Assist. Prof. Dr. 
(Corresponding author) 
Usak University, Engineering Faculty, 
64000, Uşak, Türkiye 
E-mail: Kadir.gundogan@usak.edu.tr 
 
Atike İnce YARDIMCI, Assoc. Prof. Dr. 
Usak University, Technology Transfer Office, 
64000, Uşak, Türkiye 
E-mail: Atike.yardimci@usak.edu.tr

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


