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Abstract: TiAlCN coatings are increasingly widely applied in practice. Mathematical models of the 
formation and development of these coatings provide a foundation for researchers to predict and 
control their physical, chemical, and mechanical properties. In this paper, we present an atomic-scale 
molecular dynamics model for the growth of TiAlCN coatings, in which the deposition conditions are 
designed to represent typical cathodic arcs’ evaporation parameters. By describing the deposition 
process of Ti, Al, C, and N atoms on the Fe substrate’s surface, we evaluate the influence of Ti/Al and 
C/N atomic ratios on the hardness, friction coefficient, and surface roughness of TiAlCN coatings. 
These properties are critical for applications in mechanical fields, such as cutting tools and molds. The 
simulation results show that the maximum hardness of the TiAlCN coating is 31 GPa at a Ti/Al ratio 
of 7:3 and 36 GPa at a C/N ratio of 5:5. The minimum roughness is 3.83 Å at a Ti/Al ratio of 7:3       
and 3.82 Å at a C/N ratio of 5:5. The lowest friction coefficient is 0.38 at a Ti/Al ratio of 7:3 and 0.25 
at a C/N ratio of 5:5. These results are consistent with the experimental findings, confirming the 
reliability of the proposed theoretical model. 
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1. Introduction 

Transition metal nitride coatings, such as TiAlN and TiAlCN, have revolutionized surface 
engineering, enhancing the durability and performance of cutting tools, molds, and high-load 
components in industrial applications [1–3]. TiAlCN coatings, incorporating C and N into the TiAlN 
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matrix, stand out for their superior combination of high hardness, low friction, excellent wear 
resistance, and outstanding thermal stability [4–6]. These properties stem from the interplay of the 
inherent hardness of TiN, the oxidation resistance of AlN, and carbon phases resembling diamond-like 
carbon (DLC), which enhance the tribological performance [7–9]. These characteristics make TiAlCN 
coatings particularly suitable for high-speed machining of difficult-to-cut materials, such as titanium 
alloys and stainless steel, improving tools’ life and operational efficiency [10,11]. 

The performance of TiAlCN coatings depends heavily on their chemical composition, particularly 
the Ti/Al and C/N atomic ratios, which determine phase composition, microstructure, and mechanical 
properties [12–14]. The Ti/Al ratio governs the balance between hard TiN phases and thermally stable 
AlN phases. A high Ti content promotes crystalline TiN structures, increasing hardness, while a high 
Al content enhances oxidation resistance through the formation of protective Al2O3 layers at high 
temperatures [15]. Similarly, the C/N ratio influences the incorporation of carbon into the nitride 
matrix, with high carbon content forming sp2-hybridized phases that reduce friction but may decrease 
hardness if amorphous structures dominate [16]. Experimental studies report hardness values for 
TiAlCN coatings ranging from 28 to 44 GPa, friction coefficients as low as 0.2–0.3, and a surface 
roughness (Ra) below 2.5 nm under optimal conditions [17]. However, the mechanisms by which the 
Ti/Al and C/N ratios affect films’ growth and properties remain complex, necessitating detailed 
atomic-level investigations [18,19]. 

Molecular dynamics (MD) reveals the impact of these ratios on phase composition, grain size, 
defect formation, and surface morphology. MD offers a cost-effective approach to systematically 
investigate compositional effects, guiding the optimization of TiAlCN coatings for high-speed 
machining and wear-resistant applications. By predicting hardness, roughness, and tribological 
performance, MD simulations provide a robust framework for designing tailored coatings with 
enhanced durability and low friction. This study uses MD simulation to investigate the effects of Ti/Al 
and C/N atomic ratios on the hardness and surface roughness of TiAlCN coatings on Fe substrates. By 
systematically varying these ratios, we aim to elucidate the atomic mechanisms governing the films’ 
growth, including phase formation, defect development, and surface morphology. The results are 
expected to provide valuable insights for optimizing the composition of coatings to enhance 
mechanical and tribological performance, reducing reliance on experimental optimization, and 
advancing the development of high-performance coatings for industrial applications. This research 
bridges the gap between experimental and theoretical studies, offering detailed insights into how 
atomic-level compositional variations translate into macroscopic coating properties for applications in 
aerospace, automotive, and precision manufacturing. With MD simulations, the atomic ratio can be 
tested in multiple models instead of through experiments. This significantly saves material costs, 
fabrication time, and analysis effort, and provides an initial quantitative database to support the design 
of industrial-scale TiAlCN coatings. 

This study focuses on simulating the formation of TiAlCN coatings on Fe substrates with different 
Ti/Al ratios (1:9, 3:7, 5:5, 7:3, and 9:1) and C/N ratios (1:9, 3:7, 5:5, 7:3, and 9:1). It then determines 
the effects of these atomic ratios on surface hardness and roughness, and proposes the optimal ranges 
of atomic ratios to achieve coatings with a hardness of >30 GPa and a roughness of <5 Å. The expected 
results will provide a solid theoretical foundation for selecting the chemical composition and 
technological conditions to fabricate high-quality TiAlCN coatings with significantly reduced research 
and development costs. 
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Due to the absence of direct experimental validation in this study, the simulation results are 
systematically compared and discussed with experimental findings reported in the literature on 
TiAlCN and related TiAlN/TiCN coatings, in order to assess the reliability and physical relevance of 
the proposed model [2,9,12,19]. 

2. Materials and methods 

2.1. Fundamental principles 

MD is a critical tool for studying physical systems at the atomic and molecular levels over time. 
This method uses Newton’s classical equations of motion to simulate the movement of atoms and 
molecules, based on interatomic forces calculated through potential functions. In this study, the 
modified embedded atom method (MEAM), Tersoff, and Vashishta potential functions are applied to 
simulate the formation of TiAlCN coatings on Fe substrates, aiming to analyze the material’s 
mechanical and structural properties. The MEAM is a semiempirical many-body potential, and is an 
improvement over the embedded atom method (EAM). The MEAM accounts for interactions between 
an atom and multiple neighboring atoms, beyond pairwise interactions, enabling accurate simulation 
of properties such as elastic constants and defect formation energies in metals. This is particularly 
useful for studying TiAlCN coatings, which have complex structures involving multiple elements [20]. 
Tersoff potential is designed to describe systems with covalent bonding, such as semiconductors (silicon, 
germanium), carbon (diamond, graphene), and ceramics (SiC, AlN). It is a many-body potential where 
the bond energy between two atoms depends not only on their distance but also on the surrounding 
environment, including the number and angles of neighboring bonds. The bond order parameter of 
Tersoff potential allows a flexible description of variations in bond strength, making it suitable for 
simulating materials like TiAlCN [21]. Vashishta potential, developed by Priya Vashishta’s group, 
incorporates Coulombic, charge-dipole, van der Waals, and angular energy interactions, based on the 
Stillinger–Weber potential. This potential is designed to simulate complex systems, particularly 
ceramics and multielement compounds like TiAlCN, where many-body interactions and bond angles 
play a crucial role in determining the structural and mechanical properties [22].  

A hybrid interatomic potential scheme was used to account for the coexistence of metallic, 
covalent, and mixed bonding in the TiAlCN system, following the established MD practices 
implemented in the large-scale atomic/molecular massively parallel simulator (LAMMPS) [20–23]. 

2.2. Configuration of the simulation box  

Although the plasma generated during cathodic arc evaporation is not explicitly simulated, the 
MD model focuses on the atomic-scale deposition and growth of the TiAlCN film by assigning incident 
energies, fluxes, substrate temperatures, and bias voltages consistent with cathodic arc conditions. 

The LAMMPS is an atomic simulation tool that uses prebuilt commands to perform classical MD 
simulations, enabling the modeling of both solid-state materials and soft matter. It is a software 
platform capable of handling large-scale systems by leveraging parallel computing. The simulation 
box in this study consists of three main regions: The active region, the thermostat region, and the fixed 
region, as illustrated in Figure 1. The active region is where atoms can move and interact directly under 
the influence of relevant forces, governed by the interaction potential function. The thermostat region 



243 
 

AIMS Materials Science  Volume 13, Issue 2, 240–257. 

controls the temperature of the entire system, with the Langevin thermostat algorithm [23] applied to 
maintain stable temperatures. The fixed region serves as a rigid support to ensure the simulation’s 
stability. Periodic boundary conditions are applied in the x and y directions within the plane of the 
TiAlCN coating, whereas nonperiodic boundary conditions are established in the z direction to more 
accurately reflect the deposition process. To ensure the system’s stability, the deposition process 
simulation is conducted under NVT (N (number of particles): the number of atoms/particles is kept 
constant; V (volume): the volume of the simulation box remains fixed; T (temperature): the 
temperature is controlled and maintained at a stable value) conditions with varying temperature levels. 

The simulation box has dimensions of 100 × 60 × 50 Å, comprising a substrate layer of 20 Å, a 
fixed layer of 15 Å, a thermal layer of 5 Å, and an active layer of 30 Å. We ensured that the thickness 
of the fixed layer and the thermal layer were equal to the thickness of the substrate, as shown in Figure 1. 
The system’s equations of motion are numerically integrated with a time step of dt = 1 fs [24]. 

 

Figure 1. Simulation model illustrating the influence of atomic ratios on the properties of 
the TiAlCN film. 

2.3.Simulation parameters for investigating the influence of the Ti/Al atomic ratio on the TiAlCN film’s 
growth 

We assumed the ideal gas equation of state as Eq 1: 

𝑛 =
௉௏

ோ்
                                                                      (1) 

where n represents the theoretical molar amount of gas, P is the pressure, V is the gas volume at 
temperature T, R = 8.314 J·mol1·K1, is the universal gas constant, and T is the temperature in degrees 
Kelvin. In the simulation of film deposition, the typical pressure is set to P = 5 × 102 Pa. The gas 
volume V in the ideal gas equation was varied as the input value (60, 180, 300, 420, and 540 standard 
cubic centimeters per minute (SCCM)). In the MD simulation, the gas flow rate (in SCCM) is 
implemented indirectly by adjusting the number of atoms inserted per unit of time (the deposition flux). 
Thus, the variation in V reflects different gas flow conditions, while the practical implementation in 
the simulation is achieved through controlled atom insertion rather than continuous gas dynamics. The 
numbers of Ti and Al atoms listed in Tables 1 and 2 are intentionally different, as they were calculated 
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according to the prescribed Ti:Al atomic ratios, rather than being assumed to be equal. Similarly, the 
numbers of C and N atoms were determined from the relative gas ratios of C2H2 and N2 introduced 
into the vacuum chamber. In this study, the Ti:Al and C:N ratios were systematically varied             
as 1:9, 3:7, 5:5, 7:3, and 9:1. This approach enables the simulated coating compositions to realistically 
represent a wide range of TiAlCN coatings with different elemental ratios. On this basis, the number 
of Ti, Al, C, and N atoms is calculated as shown in Tables 1 and 2. Other simulation parameters            
are kept constant: The arc current is 80 A, the substrate temperature is 673 K, and the bias voltage       
is –100 V [25–27]. Within the framework of MD, the effects of the arc current and the substrate’s 
polarization voltage are demonstrated indirectly by controlling the deposition flux and initial kinetic 
energy of the incoming materials, rather than by directly applying electrical parameters. Although the 
total number of atoms varies slightly between different simulation sets, the simulation box’s size, the 
duration of deposition, and the analysis protocol were kept identical to ensure a meaningful comparison 
of relative trends. 

Table 1. Simulation input parameters affecting the C/N atomic ratio of the TiAlCN coating. 

No. Ti 
velocity 
(Å/ps) 

Al 
velocity 
(Å/ps) 

C 
velocity 
(Å/ps) 

N 
velocity 
(Å/ps) 

Bias 
voltage (V) 

Substrate 
temperature 
(K) 

Quantity 
of C 

Quantity 
of N 

Quantity 
of Ti 

Quantity 
of Al 

1 11.22 14.21 1.43 2.54 –100 673 646 5815 4522 1938 

2 1938 4522 

3 3230 3230 

4 4522 1938 

5 5815 646 

Table 2. Simulation input parameters affecting the Ti/Al atomic ratio of the TiAlCN coating. 

No. Ti 
velocity 
(Å/ps) 

Al 
velocity 
(Å/ps) 

C 
velocity 
(Å/ps) 

N 
velocity 
(Å/ps) 

Bias 
voltage 
(V) 

Substrate 
temperature 
(K) 

Quantity 
of C 

Quantity 
of N 

Quantity 
of Ti 

Quantity 
of Al 

1 11.22 14.21 1.43 2.54 –100 673 5815 4522 1938 646 

2 1938 4522 

3 3230 3230 

4 4522 1938 

5 5815 646 

2.4. Simulation of some properties of the TiAlCN film 

For all results examined for all samples obtained by the physical vapor deposition (PVD) method, 
the following steps were carried out before testing the composition, hardness, and friction coefficient. 

During the deposition process, atoms with very high energy, when bonded together, generate local 
stresses on the coating’s surface. Therefore, the system’s energy was initially minimized by adjusting 
the atomic coordinates step by step until the sample reached a stable state, using the min_style 
algorithm. Next, the system was equilibrated under NVT conditions, allowing overlapping atoms in 
the system to relax, thus achieving an equilibrium state for the TiAlCN coating. 
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2.4.1. Simulation of the hardness of the TiAlCN film 

In hardness simulations, the nanoindentation process is modeled by applying a virtual indenter 
(typically a Berkovich or spherical tip) onto the surface of the film. The main steps are shown in the 
flowchart below (Figure 2). 

 

Figure 2. Flowchart of the hardness calculation process. 

In these calculations, H is the hardness of the film (GPa), P is the applied normal load (Newtons), and 
A is the contact area between the indenter and the film. The applied load P is extracted from the 
computed force output in the LAMMPS simulation script. The contact area A in nanoindentation 
simulations is typically calculated according to the shape of the indenter (Eq 2): 

𝐴 = 𝜋𝛿(2𝑅 − 𝛿)                                                             (2) 

where R is the radius of the indenter’s tip and δ is the indentation depth from the surface of the thin 
film. In the elastic region, the hardness is calculated using H = P/A. Its value remains stable with only 
minor fluctuations, reflecting the material's deformation response under different indenter impacts. 
The hardness was simulated using an indenter with a radius of R = 10 Å. The indentation depth can be 
selected according to 0.3 ≤ R/h ≤ 6.2 [28]. 

P can be calculated using Eq 3 [25]: 

𝑃(𝑟) = −𝐾(𝑟 − 𝑅)ଶ                (3) 
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where K = 10 eV/Å3, is a constant defining the force, r is the distance from the atom to the center of 
the indenter, R is the radius of the indenter, and P(r) = 0 with r > R. 

2.4.2. Simulation of the coefficient of friction of TiAlCN thin films 

MD is an effective computational technique for simulating the coefficient of friction of materials, 
particularly thin films like TiAlCN, by reproducing atomic-scale interactions during sliding contact. 
MD is based on solving Newton’s equations of motion for a system of atoms, using interatomic 
potential functions of Ti/Al (such as Tersoff or the MEAM) to describe the forces between atoms. In 
coefficient of friction simulations, a sliding contact model is established, typically simulating a sliding 
contact experiment. The main steps are shown in the flowchart in Figure 3. 

 

Figure 3. Flowchart of the coefficient of friction calculation process. 

In Figure 3, μ is coefficient of frictions, Fz is the total force component in the vertical direction, 
and Fx is the total force component in the horizontal (Ox) direction. In this model, a virtual indenter is 
pressed into a surface and moves with a constant velocity. The indenter can have various sizes and 
shapes (such as spherical, hemispherical, prismatic, cylindrical, etc.). It remains in contact with the 
surface throughout the entire simulation process. 
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2.4.3. Simulation of the surface roughness of TiAlCN thin films 

There are several methods for determining the surface roughness of thin films: atomic force 
microscopy (AFM), scanning electron microscopy (SEM), stylus profilometry, light scattering 
analysis, and MD simulation. The tool OVITO was used to visualize the simulation results, display the 
deposition process, and analyze surface morphology.  

The surface roughness of the deposited films is expressed by the root mean square (RMS) of the 
roughness value (Rs), which is calculated as Eq 4 [29]: 

𝑅௦ = ට
∑ (௓೔ି௓೘೐ೌ೙)మ
೙
೔సభ

௡
                                                            (4) 

where Zi is the z-coordinate of the topmost atoms in each region, Zmean is the average height of the       
Z-coordinates of the topmost atoms in each region, and n is the total number of atoms on the surface 
of the coating. 

To ensure the reliability of the simulation’s results, all systems were fully relaxed through energy 
minimization and equilibrated under NVT conditions prior to property evaluation. The interatomic 
potentials used in this work have been widely validated for Ti–Al–C–N systems. Furthermore, the 
simulated trends and absolute values of hardness, the friction coefficient, and surface roughness are 
consistent with the experimental results reported in the literature for TiAlCN coatings. 

3. Results  

3.1. Hardness 

A virtual indenter with a radius of R = 15 Å was pressed into the film to a depth of 15 Å, and the 
resulting plot is shown in Figure 4. In the nanoindentation simulation, the spherical indenter is initially 
placed above the film surface and then gradually pressed into the coating. Therefore, the indentation 
depth shown in Figure 4 represents the actual penetration depth of the indenter in contact with the film. 

For each composition, several independent nanoindentation simulations were carried out at 
different surface positions, and the reported hardness values represent the average, with the error 
estimated as the standard deviation. 

From Figure 5, it can be observed that at high Ti/Al ratios (such as 9:1 or 7:3), the high Ti content 
promotes the formation of the cubic phase of TiAlCN, based on the TiN structure, which inherently 
possesses high hardness (25–32 GPa). The strong Ti–N and Ti–C bonds are the primary factors 
contributing to the superior hardness, with further enhancement attributed to the Hall–Petch             
effect (hardness increases as grain size decreases). In contrast, when the Al content is higher, the 
structure tends to shift toward a hexagonal AlN-based phase, resulting in a reduction in the overall 
hardness to approximately 22–24 GPa, as shown in Figure 5. This reduction in hardness can be 
attributed to the increasing fraction of AlN-based phases. Unlike cubic TiN and TiC, which exhibit 
high hardness caused by strong covalent–ionic bonding, AlN tends to form a hexagonal wurtzite 
structure with significantly lower intrinsic hardness. 

 



248 
 

AIMS Materials Science  Volume 13, Issue 2, 240–257. 

 

Figure 4. Graph showing the process of testing the effect of the Ti/Al atomic ratio on the 
hardness of the TiAlCN film. 

 

Figure 5. Graph illustrating the effect of the Ti/Al atomic ratio on the hardness of the 
TiAlCN film. 

The indentation depth shown in Figure 6 represents the actual penetration depth of the indenter 
in contact with the film. Varying the C/N atomic ratio significantly alters the intrinsic structure of the 
TiAlCN coating. At high C/N ratios, excess carbon promotes the formation of C–C bonds and amorphous 
carbon-rich regions, which disrupt long-range order and reduce structural rigidity [9,12,19]. Conversely, 
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increasing the nitrogen content enhances Ti–N bonding, favoring the formation of more ordered      
TiN-based nanocrystalline domains [2,19]. At an intermediate C/N ratio (≈5:5), a mixed nanocomposite 
structure consisting of TiN/TiC nanocrystalline phases embedded in a carbon-containing amorphous 
matrix is formed, combining crystalline reinforcement with microstructural refinement [9,19]. 

 

Figure 6. Graph showing the process of testing the effect of the C/N atomic ratio on the 
hardness of the TiAlCN film. 

These structural differences directly govern the hardness response of the coating. TiN- and       
TiC-based nanocrystalline phases exhibit high intrinsic hardness caused by strong covalent–ionic 
bonding and high resistance to plastic deformation, whereas the amorphous carbon regions possess 
lower load-bearing capability [2,9,28]. Consequently, coatings with an excessive carbon content show 
reduced hardness, whereas nitrogen-rich coatings exhibit only moderate hardness. The optimal 
hardness observed at C/N ≈ 5:5 arises from the synergistic effect between the hard nanocrystalline 
phases and a refined nanocomposite microstructure, which effectively impedes deformation and 
enhances the overall mechanical performance of the coating [9,19], as shown in Figure 7. 
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.  

Figure 7. Graph illustrating the effect of the C/N atomic ratio on the hardness of the 
TiAlCN film. 

3.2. Surface roughness 

Using OVITO software to visualize the surface morphology of the samples under varying Ti/Al 
atomic ratios, we obtained the images shown in Figure 8. 

 

Figure 8. Effect of the Ti/Al atomic ratio on the surface of the TiAlCN film. 

From Figure 9, it can be observed that when the Ti/Al ratio decreases from 9:1 to 7:3, the surface 
roughness slightly decreases. This may be attributed to the formation of finer AlN or TiAlN phases as 
the Al content increases. When the Ti/Al ratio is further reduced from 7:3 to 5:5, the roughness remains 
at the lowest stable level, which could represent the optimal condition for forming a coating with 



251 
 

AIMS Materials Science  Volume 13, Issue 2, 240–257. 

smaller and smoother grain sizes. As the Ti/Al ratio continues to decrease from 3:7 to 1:9, the 
roughness begins to increase again, particularly at the 1:9 ratio. This may be due to the formation of 
hexagonal AlN (h-AlN) phases with coarser structures, where changes in the crystallization 
mechanism increase grain size. The occurrence of defects or uneven adhesion processes may also 
contribute to this effect. However, the variation in roughness is not significant because the atomic radii 
of Ti and Al are relatively similar. 

 

Figure 9. Graph of the influence of the Ti/Al atomic ratio on the roughness of the TiAlCN film. 

As seen in Figure 10, as the C/N ratio decreased from 9:1 to 5:5, the surface roughness gradually 
declined. This behavior can be attributed to the formation of TiC or amorphous carbon (a-C) phases, 
which contribute to surface smoothing. At the 5:5 ratio, the roughness reached its minimum value, 
which may represent the optimal composition for achieving a uniform coating with fine crystalline 
grains. When the C/N ratio was further reduced from 3:7 to 1:9, the roughness slightly increased again, 
as shown in Figure 11. This can be explained by the formation of coarser carbon-containing phases, 
accompanied by changes in the coating’s crystallization process and an uneven phase distribution. 
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Figure 10. Effect of the C/N atomic ratio on the surface of the TiAlCN film. 

 

Figure 11. Graph of the influence of the C/N atomic ratio on the roughness of the TiAlCN film. 

3.3. Coefficient of friction 

The coefficient of friction of the TiAlCN coating in this study was determined through atomic-scale 
scratch testing simulations. A virtual spherical indenter with a radius of R = 10 Å was used. The 
indenter was first pressed perpendicularly into the coating surface to a penetration depth of 15 Å and 
then moved along the Ox direction over a sliding distance of 65 Å, as shown in Figure 12. 
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Figure 12. Schematic diagram of the test of the TiAlCN film’s friction coefficient. 

From Figure 13, we can see that the Ti/Al atomic ratio primarily affects the microstructure and 
hardness of the TiAlCN coating, indirectly influencing the friction coefficient through phase stability 
and surface morphology. A higher Ti content (lower Al) promotes the formation of hard TiN phases, 
increasing hardness but potentially raising friction because of the rougher surface and reduced 
oxidation resistance. A higher Al content (lower Ti) increases the AlN phases, enhancing thermal 
stability but possibly reducing hardness and leading to phase separation, which can increase friction 
under high-load conditions. Overall, the Ti/Al ratio has a moderate effect on friction, with an optimal 
ratio (e.g., Ti/Al ≈ 7:3) helping to minimize friction by balancing the phases. The coefficient of friction 
resulting from the calculation is given in Table 3. 

  

Figure 13. Graph of the influence of the Ti/Al atomic ratio on the friction coefficient of 
the TiAlCN film. 
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Table 3. Coefficient of friction of the TiAlCN film when changing the Ti/Al atomic ratio. 

Ti/Al ratio  Coefficient of friction 

9:1 0.27 

7:3 0.25 

5:5 0.43 

3:7 0.56 

1:9 0.64 

In Figure 14, the C/N ratio has a stronger influence on the friction coefficient. Increasing the 
carbon content reduces friction by forming carbon-rich lubricating phases (sp3-hybridized DLC 
structures), lowering the coefficient from ≈0.65 to ≈0.38. This occurs because the addition of carbon 
creates low-shear interfaces. However, an excessive carbon content can increase surface roughness 
and defects, slightly raising friction. An optimal C/N ratio (e.g., ≈5:5) yields the lowest friction 
coefficient of ≈0.38, as shown in Table 4 The C/N ratio impacts the friction coefficient more 
significantly because the addition of carbon directly produces low-friction phases, whereas the Ti/Al 
ratio primarily affects hardness and indirectly influences the tribological properties. 

 

Figure 14. Graph of the influence of the C/N atomic ratio on the friction coefficient of the 
TiAlCN film. 
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Table 4. Coefficient of friction of the TiAlCN film when changing the atomic ratio of C/N. 

C/N ratio  Coefficient of friction 

9:1 0.65 

7:3 0.63 

5:5 0.38 

3:7 0.50 

1:9 0.62 

4. Conclusions 

The good agreement between the simulation results and experimental data reported in the 
literature further confirms the reliability of the proposed MD model. 

This study systematically investigated the effects of Ti/Al and C/N atomic ratios on the 
mechanical and tribological properties of TiAlCN coatings using MD simulations. The results indicate 
that increasing the Ti/Al ratio leads to a more uniform crystal structure, resulting in improved hardness 
and wear resistance. In contrast, the C/N ratio plays a dominant role in governing the friction behavior, 
where higher carbon content promotes the formation of a-C and CNx phases, which act as solid 
lubricants and effectively reduce friction within an optimal composition range. Good agreement 
between the simulation and experimental results confirms the reliability of the proposed model. 

Overall, the findings demonstrate that the C/N ratio has a stronger influence on hardness, while 
variations in Al content tend to affect surface roughness more significantly. These insights provide a 
useful guideline for tailoring TiAlCN coatings with a balanced combination of high hardness and low 
friction for cutting and wear-resistant applications. Future work will focus on extending the 
composition range, incorporating temperature effects, and exploring multilayer architectures to further 
enhance coatings’ performance under practical service conditions. 
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