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1. Introduction 

Certain fundamental criteria must be met for effi-

cient material removal in machining processes. These in-

clude good surface quality and the expectation of rapid ma-

terial removal [1, 2]. In this context, the selection of cutting 

tool materials is of great importance for the efficiency of 

machining processes [3]. Considering this, cutting tool ma-

terials are generally expected to possess the following char-

acteristics: high hardness, high yield strength, high modulus 

of elasticity, high compressive strength, high impact re-

sistance, high thermal conductivity, and low coefficient of 

linear expansion [4]. Tungsten carbide is frequently used as 

a cutting tool material because it largely meets these char-

acteristics [4-6]. 

The service life of tungsten carbide cutting tools, 

which can directly affect production efficiency, can be en-

hanced through various coatings [7-9]. Examples of such 

coatings include diamond or diamond-like carbon (DLC), 

AlCrN, TiAlN, TiSiN, and AlTiN coatings [10-14]. 

Sahoo and colleagues investigated the application 

of single-layer TiAlN coatings of different thicknesses on 

micro end mills using the PVD method. Following this, ap-

proximately 1 μm thick single-layer TiN and diamond-like 

carbon (DLC) coatings were applied to the surfaces of un-

coated WC tools. The hardness and coefficient of friction 

values of all coated and uncoated surfaces were subse-

quently evaluated. Finally, the performance of both un-

coated and coated tools was assessed experimentally and an-

alytically by analyzing dynamic machinability and stability. 

The study concluded that all coated tools exhibited en-

hanced performance by increasing stability limits, and re-

ducing tool wear, surface roughness, cutting forces, and burr 

heights compared to the uncoated tools [15]. 

Zafar and colleagues conducted dry machining of 

Aluminum 2024 alloy using cemented carbide, titanium ni-

tride, titanium aluminum nitride, and polycrystalline dia-

mond (PCD coated) cutting inserts. The performance of 

these inserts was evaluated for workpiece surface roughness 

and tool wear. The study concluded that in evaluating tool 

wear and workpiece surface roughness, consideration of 

both the mechanical properties and adhesion strength of the 

inserts is crucial [16]. 

Marchin and colleagues investigated the effect of 

carbon addition on the tribological properties of multi-

layered TiSiN coating and compared the performance of 

TiSiCN and TiSiN coatings on cold forming steel dies. 

Tribological tests conducted during the study indicated that 

the coatings exhibited lower coefficients of friction com-

pared to the steel substrate, with the lowest coefficient of 

friction (0.2) observed on the TiSiCN coated surface. Field 

tests evaluating the deep drawing operation of steel tubes 

revealed a tenfold increase in die lifetime with TiSiCN coat-

ing on the forming dies [17]. 

In the study conducted by Durmaz et al., solid car-

bide end mills and prismatic carbide test samples were 

coated with TiAlN, TiAlSiN, and AlCrN. Friction tests were 

performed at varying speeds, and the results indicated that 

the highest wear rate was observed in the TiAlSiN-coated 

sample, while the lowest wear rate was found in the un-

coated sample. The highest wear resistance was achieved 

with the TiAlN coated end mill. Additionally, the lowest 

surface roughness value was obtained from the surface of 

the Impax steel workpiece machined using the TiAlN ce-

ramic film-coated carbide end mill [18]. 

In this study, the tribological performance and 

wear behavior of cutting tools developed by Moncarb Cut-

ting Tools were comprehensively investigated [19]. The pri-

mary objective is to provide scientific insights into the opti-

mization of tool coatings used for machining 1.2738 plastic 

mold steel, with the ultimate goal of enhancing machining 

efficiency and extending tool life. To this end, tungsten car-

bide-based samples were prepared and coated using the ca-

thodic arc physical vapor deposition (CAPVD) technique 

with four distinct hard coatings: aluminum chromium ni-

tride (AlCrN), titanium aluminum nitride (TiAlN), alumi-

num titanium nitride (AlTiN), and titanium silicon nitride 

(TiSiN). The tribological performance of the coated samples 

was evaluated under test conditions specifically designed to 

simulate the actual working environment of cutting tools 

employed by Moncarb Cutting Tools in the machining of 

1.2738 steel. Following the tribological tests, detailed anal-

yses were conducted to assess morphological alterations and 

wear volumes on both the coated surfaces and their counter-

part materials using optical microscopy and optical pro-

filometry. 

2. Materials and Methods 

Tungsten carbide samples were obtained from the 

Moncarb Cutting Tools company located in Istanbul, Tur-

key. During production, cylindrical tungsten carbide rods 

with a diameter of 8 mm and a length ranging from 37 mm 

to 37.5 mm were used. To prepare end of the rods for tribo-

meter testing, they were shaped into spheres using a Michael 

Deckel S22 grinding machine, as shown in Fig. 1. 
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After the grinding process, the surfaces of the sam-

ples were treated with a gas stone to achieve surface 

smoothness for tribometer testing. Subsequently, as shown 

in Fig. 2, a polishing process was carried out using abrasive 

paste. This polishing process aimed to prevent errors due to 

surface roughness and ensure that the coatings would adhere 

perfectly to the surface, thereby achieving a homogeneous 

distribution of coating quality across the entire surface of 

the samples. 

 

Fig. 1 The appearance of the tungsten carbide sample in 

the Michael Deckel S22 grinding machine 

 

a b 

Fig. 2 Changes on the sample surface before and after the 

polishing process: a – unpolished tungsten carbide 

sample, b – polished tungsten carbide sample 

The prepared tungsten carbide samples were 

coated with four different hard coatings: aluminum chro-

mium nitride (AlCrN), titanium aluminum nitride (TiAlN), 

aluminum titanium nitride (AlTiN), and titanium silicon ni-

tride (TiSiN). The coating process was carried out at Titanit 

Ultra Hard Coatings Industry and Trade Limited Company, 

located in Istanbul [20]. The cathodic arc physical vapor 

deposition (CAPVD) method was used in this process. This 

method involves evaporating the coating material and de-

positing it onto the surface of the sample, thereby achieving 

high-quality and durable coatings. The coatings applied can 

be seen in Fig. 3, and their properties are listed in Table 1. 

The average surface roughness values (Ra) of the test sam-

ples were determined using a Zeiss Smartproof-5 optical 

profilometer. The average surface roughness values for un-

coated tungsten carbide, AlCrN, TiAlN, AlTiN, and TiSiN 

coated tungsten carbide samples are 0.1969 µm, 0.1867 

µm, 0.1710 µm, 0.1548 µm, and 0.1468 µm, respectively.  

1.2738 plastic mold steel with dimensions of 

10x10x13 mm, as shown in Fig. 4, was used as counterpart 

on the tribometer testing. Produced counterpart pieces were 

subjected to a polishing process. The counterpart material 

has an average surface roughness (Ra) of 0.2322 µm, deter-

mined using a Zeiss Smartproof-5 optical profilometer. The 

chemical composition of the counterpart piece is given in 

Table 2. 

Table 1 

Coating properties 

Coatings 

 

Hardness, HV 

 

Thickness, 

µm 

Decomposition 

Temperature, °C 

AlCrN 3600 2 ~ 2,5 1000 

TiAlN 4000 2 ~ 2,5 1200 

TiSiN 4200 2 ~ 2,5 1100 

AlTiN 3600 2 ~ 2,5 900 

 

a b c 

 

d e 

Fig. 3 The samples used in this study: a – tungsten carbide 

coated with AlCrN, b – tungsten carbide coated with 

AlTiN, c – tungsten carbide coated with TiAlN, d -

tungsten carbide coated with TiSiN, e - uncoated 

tungsten carbide 

 

Fig. 4 Counterpart 

Table 2 

Chemical composition of the counterpart, % 

C Si Mn P S Cr Mo Ni 

0.35-0.45 0.20-0.40 
0.20-

0.40 
0.03 0.03 

1.80-

2.10 

0.15-

0.25 

0.90-

1.20 

 

The tribometer tests of the prepared coated and un-

coated samples were carried out on a linear reciprocating 

tribometer at Yıldız Technical University's Automotive La-

boratory [21]. The tribometer used can be seen in Fig. 5 and 

is equipped with a servomotor. During the test, 800 data 

points (values) were collected from the load cell via a data 

recorder. These data were directly transmitted to a monitor. 

It was noted that the force sensor in the load cells of the test 

setup was obtained from ESIT Electronics, located in Istan-

bul, Turkey. The SPA platform-type load cell in the test 

setup measures weight from a single point. The load cell, 

which has an internal thermal compensation feature, cor-

rects output drifts caused by ambient temperature changes, 

providing a high level of accuracy. The load cell mounted at 

the center of the platform was manufactured with a capacity 

of 3 kg. Data were collected at a rate of 640 data points per 
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second, and each stroke lasted 0.8 seconds. Thus, the aver-

age coefficient of friction (CoF) was determined. 

Tribometer tests were conducted at room tempera-

ture under boundary lubrication conditions for a duration of 

1810 seconds. A boron-based cutting fluid was used as the 

cooling liquid, with three drops (3 cc) applied to the oppos-

ing surfaces for each main sample. In the tribological tests, 

a normal load of 50 N was selected, with a sliding velocity 

of 0.018 m/s, a stroke of 11 mm, and a total distance of 33 m 

specified. Data collection was performed using a custom 

software developed in MATLAB, which filters out vibra-

tion-induced noise to calculate the average friction coeffi-

cient. 

 

Fig. 5 Tribometer test setup 

Surface analyses were conducted at the Research 

and Development Laboratory of the Turkish Naval Acad-

emy after the completion of tribometer tests [22, 23]. The 

surfaces of the tested tungsten carbide and coated samples 

were examined using an optical microscope (Nikon LV-

150), as shown in Fig. 6. The surfaces of the counter mate-

rial were scanned using an optical profilometer (Zeiss 

Smartproof-5) to determine wear volumes, wear tracks, and 

profile characteristics of the wear tracks. 

 

a b 

Fig. 6 Instruments used for surface analysis: a – optical mi-

croscope (Nikon LV-150), b – optical profilometer 

(Zeiss Smartproof-5) 

3. Results and Discussion 

The average friction coefficient of AlCrN, TiAlN, 

TiSiN and AlTiN coatings and uncoated tungsten carbide 

are depicted in Fig. 7. In the uncoated condition, the average 

friction coefficient was determined to be 0.2436. With 

TiAlN coating application, this value decreased to 0.238, 

while the friction coefficient was measured at 0.2272 with 

AlTiN coating. Using AlCrN coating reduced the friction 

coefficient to 0.2225, and TiSiN coating provided the lowest 

friction coefficient at 0.2111. These results clearly demon-

strate a significant influence of different coating materials 

on tribological performance. It is evident that coatings have 

a friction-reducing effect. Particularly, TiSiN coating offers 

a lower friction coefficient compared to other coating types, 

presenting distinct advantages in various industrial applica-

tions. Findings in the literature emphasize the importance of 

TiSiN coatings for industrial applications due to their ad-

vantageous properties. In this context, the results obtained 

from the tribometer tests support previous studies 

[17,18,21–24]. 

 

Fig. 7 Average coefficients of friction for test samples 

The optical microscope images of wear scars on 

the samples are shown in Fig. 8. Considering these images, 

the uncoated surface exhibits pronounced wear scars, indi-

cating significant surface damage. This observation high-

lights the lower wear resistance of uncoated surfaces. While 

the TiAlN coating shows visible wear scars, it displays less 

surface damage compared to the uncoated surface, indicat-

ing improved wear resistance. The AlTiN coating exhibits 

visible wear scars with less surface damage, significantly 

enhancing wear resistance and reducing friction. Despite 

relatively pronounced wear scars, the AlCrN coating shows 

less surface damage compared to the uncoated surface and 

demonstrates good wear resistance, albeit with slightly 

higher surface roughness compared to other coatings. The 

TiSiN coating stands out with the least pronounced wear 

scars and minimal surface damage, providing the best wear 

resistance among the coatings tested. 

Average surface roughness values (Ra), as illus-

trated in Fig. 8, support these findings. The uncoated surface 

shows a relatively high surface roughness value (Ra = 

0.1969 µm), associated with high wear and friction. TiAlN 

coating exhibits lower surface roughness (Ra = 0.1710 µm), 

indicating smoother surface characteristics and increased 

wear resistance. AlTiN coating demonstrates lower surface 

roughness (Ra = 0.1548 µm), contributing to significant im-

provements in surface quality and wear resistance. AlCrN 

coating, despite its relatively high surface roughness value 

(Ra = 0.1867 µm), shows good wear resistance and slightly 

higher roughness compared to other coatings. TiSiN coating 

exhibits the lowest surface roughness (Ra = 0.1468 µm), 

providing superior surface quality and wear resistance.  

These findings underscore the significant impact of 

different coatings on tribological performance. The pres-

ence of coatings reduces friction coefficients and surface 

roughness, thereby enhancing wear resistance.  
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a b 

 

c d 

 

e 

Fig. 8 Optical microscopy analysis of test samples: a – tungsten carbide, b – tungsten carbide coated with TiSiN, c – tungsten 

carbide coated with AlTiN, d – tungsten carbide coated with AlCrN, e – tungsten carbide coated with TiAlN 
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a 

 

b 

 

c 

 

d 

 

e 

Fig. 9 Measurement of wear scars and volumes on counterparts in tribometer tests: a – TiSiN, b – AlCrN, c – AlTiN,  

d – TiAlN, e – tungsten carbide 
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TiSiN coating generally exhibits the best perfor-

mance, followed by AlTiN and TiAlN coatings. AlCrN 

coating also performs well, although it tends to have slightly 

higher surface roughness compared to other coatings. Con-

versely, the uncoated surface shows the highest friction co-

efficient and the most pronounced wear scars, indicating the 

poorest performance in terms of wear resistance and friction 

reduction. These results are consistent with findings in the 

literature, emphasizing the significant advantages of coat-

ings like TiSiN in industrial applications due to their supe-

rior wear resistance and reduced friction properties [24-26]. 

The wear profiles of the 1.2738 plastic mold steel 

counterparts against AlCrN, TiAlN, TiSiN and AlTiN coat-

ings and uncoated tungsten carbide are shown in Fig. 9. Un-

coated tungsten carbide caused 0.00028 mm³ wear volume 

on the counterpart. Wear volume of counterpart dramati-

cally increased to 0.0012 mm3 with   the TiSiN coating ap-

plication. This high wear volume indicates significant wear 

effects of TiSiN coating on the counterpart surface. AlCrN 

coating also presented increased wear volume of 0.0006 

mm³ compared to uncoated tungsten carbide. AlTiN coating 

showed a slightly higher wear volume of 0.00037 mm3 on 

the counterpart surface compared to uncoated tungsten car-

bide. Similarly, TiAlN coating exhibited a wear volume of 

0.00035 mm³, resulting in minimal wear volume on the 

counterpart surface compared to other coatings.  

Considering Fig. 7, Fig. 8, and Fig. 9, it is observed 

that coatings with lower friction coefficients generally ex-

hibit less wear on their surfaces compared to others, poten-

tially leading to higher wear volumes on the counterpart. 

The results presented in these figures highlight the im-

portance of considering this phenomenon in industrial ap-

plications. 

 

Fig. 10 Wear rates of coatings and uncoated tungsten car-

bide on counterpart surfaces 

The wear rates (wR) of the counterpart surfaces 

where coatings were applied were calculated using the 

Archer formula: 

R

v
W  

L S
=


. (1) 

The wear volume v (mm³) was evaluated based on 

the applied normal load L (N) and the sliding distance S (m). 

According to the data presented in Fig. 10, the wear rates 

observed on the 1.2738 plastic mold steel counterparts for 

the tested coatings and the uncoated tungsten carbide were 

as follows: 7.3×10-7 for TiSiN, 3.6×10−7 for AlCrN, 

2.2×10−7 for AlTiN, 2.1×10−7 for TiAlN, and 1.7×10−7 

mm³/N·m for uncoated tungsten carbide. TiSiN coating 

demonstrated the highest wear resistance among the tested 

samples, attributed to its low friction coefficient despite 

causing the highest wear volume on the counter surface con-

sistent with the findings reported by Kaya and Ulutan [27]. 

Similarly, the AlCrN coating exhibited superior perfor-

mance over AlTiN and TiAlN, as reflected by its low fric-

tion and high counterface wear, aligning with the observa-

tions made by Ozkan et al. [22]. The wear behavior of Al-

TiN and TiAlN was quite comparable, corroborating the 

trends reported in the study by Durmaz and Yildiz [18]. In 

contrast, the uncoated tungsten carbide sample showed sig-

nificantly inferior wear resistance compared to all coated 

specimens, which concurs with earlier findings in the liter-

ature [28, 29]. 

The wear rates were evaluated in conjunction with 

the average friction coefficients from Fig. 9, the optical mi-

croscope analyses of the coatings in Fig. 10, and the wear 

volume measurements of the counterpart materials in Fig. 

10. It was observed that coatings significantly increase wear 

resistance compared to uncoated tungsten carbide. Coatings 

with lower friction coefficients experienced less wear but 

caused higher wear on the counterpart surface. This under-

scores the effectiveness of coatings in enhancing wear re-

sistance and highlights the trade-off between friction reduc-

tion and increased wear on the counterpart in industrial ap-

plications. 

3. Conclusions 

In this study, the tribological performances of 

TiAlN, AlTiN, AlCrN, and TiSiN coatings were evaluated 

under boundary lubrication conditions, leading to the fol-

lowing conclusions:  

1. All coating types significantly enhanced tribologi-

cal performance by reducing the coefficient of fric-

tion and improving wear resistance when com-

pared to uncoated tungsten carbide.  

2. The TiSiN coating exhibited the lowest average co-

efficient of friction (0.2111) and the highest wear 

resistance, making it a promising candidate for in-

dustrial applications where both low friction and 

high durability are essential.  

3. AlTiN and TiAlN coatings offered good wear re-

sistance along with low surface roughness and 

moderate friction levels, making them suitable al-

ternatives in scenarios where surface properties or 

cost constraints play a critical role.  

4. AlCrN coating demonstrated notable wear re-

sistance and induced relatively higher wear on the 

counterface, indicating effective engagement with 

the workpiece surface. This behavior highlights its 

potential suitability in machining or forming oper-

ations. 

5. A trade-off was observed between coating wear 

and counterface damage: coatings such as TiSiN 



 162 

and AlCrN, which displayed lower friction, expe-

rienced less wear themselves but caused greater 

wear on the opposing surface. This underlines the 

importance of system-level design considerations 

in industrial applications.  

6. The experimental results align well with existing 

literature and further confirm the substantial ad-

vantages of TiSiN coatings in extending tool life 

and enhancing performance in tribological sys-

tems.  

These findings underscore the critical role of sur-

face engineering in optimizing material performance and 

support the continued development and application of hard 

coatings in industrial environments with high wear de-

mands. 
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S. Unal, H. A. Tasdemir 

TRIBOLOGICAL CHARACTERIZATION OF AlCrN, 

TiAlN, TiSiN AND AlTiN COATINGS AGAINST 

MOLD STEEL 

S u m m a r y 

The study presents tribological evaluations of 

TiAlN, AlTiN, AlCrN, and TiSiN coatings under boundary 

lubrication conditions using a tribometer. Results show sig-

nificant reductions in average friction coefficients compared 

to uncoated tungsten carbide (0.2436). TiSiN exhibited the 

lowest friction coefficient (0.2111), highlighting its superior 

performance. Optical microscopy and profilometry revealed 

that coatings like TiSiN also minimized surface roughness 

and wear tracks, indicating enhanced wear resistance. Coat-

ings reduced friction but increased wear on counterparts. 

This study underscores the coatings pivotal role in industrial 

applications, balancing friction reduction with wear en-

hancement. 

Keywords: tribological evaluations, coating performance, 

friction reduction, wear resistance, surface roughness, 

boundary lubrication. 
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