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INTRODUCTION

Machining of hard materials at high speeds 
without a coolant is a demanding process [1, 2]. 
Approximately 90% of the total mechanical ener-
gy generated during machining is converted into 
heat, causing a significant temperature increase 
in the cutting zone [3, 4]. Machining generates 
rapid temperature increases, reaching approxi-
mately 800 °C [1, 5, 6] or exceeding this value [1]. 
Consequently, coolants are employed. However, 
the specialized chemical compositions required 
for coolant effectiveness can have adverse effects 
on human health and the environment. The most 
commonly used cutting fluids are water-based or 
oil-based [7]. Mineral oil-based coolants are tox-
ic to the environment [7, 8], and their degradation 
process is difficult to control. Thus, dry machin-
ing is a compelling alternative [7], enabled by ef-
fective anti-wear coatings that enhance machin-
ing efficiency and environmental sustainability. 
The most well-known methods of protecting tools 

against wear involve applying protective coatings 
to their surface. Coatings can be applied using 
physical vapor deposition (PVD) and chemical va-
por deposition (CVD) techniques [9], which differ 
in their application methods based on the coating 
type, its characteristics, and the substrate mate-
rial [10]. PVD refers to a vacuum coating process 
that allows the deposition of solid material as a 
thin layer on a substrate through evaporation and 
condensation. The coating temperature in the PVD 
process is typically below 500 °C. A thin layer of 
the coated material is deposited on the base ma-
terial, making it most suitable for finishing appli-
cations. In contrast, CVD is a thermally activated 
process in which gaseous precursors are injected 
into a reaction chamber for chemical surface re-
action and dissociation, resulting in the formation 
of a potential coating. The  substrate temperature 
is maintained between 800 °C and over 1000 °C. 
Both deposition methods can create single-layer 
and multi-layer coatings [10]. PVD coatings ex-
hibit higher hardness, finer grain structures, and 
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smoother surfaces [9], alongside a low coefficient 
of friction and good wear resistance [11]. They 
also tend to be free of cracks and possess compres-
sive residual stresses, making them suitable for 
interrupted cutting operations, such as milling and 
threading, as well as applications requiring sharp 
cutting edges, like finishing. Conversely, CVD 
coatings achieve superior adhesion due to deeper 
atomic diffusion into the substrate. These thicker, 
more wear-resistant coatings [9, 12] are typically 
employed on tools used for turning operations.

Thin, hard coatings ideally possess high hard-
ness and oxidation resistance [1]. Sliding friction 
induces mechanical stresses and elevated tempera-
tures, which can lead to oxidation. The intricate 
nature of sliding friction stems from the complex 
interplay of these factors, which are influenced by 
the applied load, sliding velocity, and surrounding 
environmental conditions. The chemical compo-
sition has a significant influence on the type and 
properties of the layer formed during friction, 
which determines the frictional behavior and thus 
the wear rate of the coating [1, 2]. This layer acts as 
a protective barrier, reducing or eliminating direct 
surface contact in the contact zone. Under ambient 
conditions (in the atmospheric environment), this 
layer is typically an oxide formed by the reaction 
between the coating and oxygen. The oxidation 
rate depends on the rate of oxygen diffusion into 
the metal’s crystal lattice [13].

One example is the TiAlN coating, which is 
resistant to oxidation [1], corrosion [10], and wear. 
This is possible due to the formation of an  Al2​
O3​  layer on the coating surface at high tempera-
tures during dry machining. Using an AlTiN coat-
ing with a high Al content can achieve greater ox-
idation resistance compared to the TiAlN coating. 
Another example is the titanium nitride (TiN) coat-
ing [1]. The TiN coating has been widely used as 
a coating material for cutting tools since the mid-
1960s [13]. It is characterized by high hardness, 
good adhesion to the substrate, chemical stability, 
a low coefficient of friction, and high wear resist-
ance [1]. However, its poor oxidation resistance at 
high temperatures is a major limitation in many 
applications [13]. Other properties allow them to 
be widely used on cutting tools, as well as deco-
rative coatings. TiN coatings can be applied to 
high-speed steel (HSS) tools and cemented car-
bides, reducing tool wear and extending their ser-
vice life [14]. Compared to TiAlN coatings, TiN 
coatings exhibit greater chemical stability, higher 
hardness, and better oxidation resistance at high 

temperatures, resulting in improved machining 
performance. In contrast, tools with TiAlN coat-
ings provide better wear resistance and can be 
used at higher cutting temperatures [1]. The wear 
behavior of TiN, TiAlN, and AlTiN coatings was 
compared by Aihua et al. [15]. They demonstrated 
that TiN and TiAlN coatings exhibited lower coef-
ficients of friction and wear rates compared to the 
AlTiN coating with a high Al content. The TiAlN 
coating had excellent tribological properties com-
pared to other coatings, with a wear rate lower than 
that of both TiN and AlTiN coatings. Chinchaniar 
and Choudhury [16] demonstrated that coated tools 
can significantly reduce tool wear. They observed a 
significant reduction in wear of TiAlN-coated tools 
compared to uncoated tools during the machining 
of hardened steel, showing satisfactory perfor-
mance with an increase in cutting speed from 62 to 
200 m/min. Niemczewska-Wójcik et al. [17] con-
ducted tribological tests of TiN, TiCN, and TiAlN 
coatings. The tests were carried out under lubri-
cated conditions with coolant at a load of 10 N. 
A steel ball was used as the counter-sample. They 
noted that the highest coefficient of friction was for 
the TiCN coating, and the lowest for the TiN coat-
ing. The highest linear wear was observed for the 
TiAlN coating, which fractured (was destroyed or 
worn out) halfway through the tribological test.

This article aimed to compare titanium, nitro-
gen, and aluminum-based coatings such as TiN, 
AlTiN, and TiAlN in the context of their frictional 
properties and wear resistance. Comparative stud-
ies were carried out for three single-layer coatings 
under dry friction conditions. A comprehensive 
surface analysis before and after friction testing 
was also performed using confocal microscopy 
and scanning electron microscopy. The choice 
of these coatings was dictated by their ability to 
achieve high hardness while minimizing stress, 
a property crucial for cutting tool materials. Lit-
erature analysis showed that elements such as ti-
tanium, chromium, molybdenum, and zirconium 
improve the hardness of nitride coatings TiN, CrN, 
ZrN, and carbonitride coatings TiCN. Additionally, 
TiAlN coatings limit heat flow, which is crucial in 
machining processes, while TiN coatings contrib-
ute to lowering the coefficient of friction. Further-
more, the introduction of aluminum in appropriate 
proportions improves mechanical properties and 
oxidation resistance, making these coatings attrac-
tive for industrial applications. This work provides 
new insights into coatings in the context of their 
application during machining.
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MATERIALS AND METHODS

Research materials

For the friction and wear tests, HS6-5-2C steel 
discs with an AlTiN, TiN, or TiAlN coating were 
used. The counter-samples were 6 mm diameter 
100Cr6 steel balls. Table 1 summarizes the key 
parameters of the coatings. All coatings were ap-
plied using the PVD arc evaporation method [18].

Tribological tests

Tribological tests were conducted on a TRB3 
tribotester under the conditions specified in Table 2.

Surface characteristics

During the friction and wear tests, the coef-
ficients of friction and linear wear were record-
ed. Since linear wear measurements represent the 
combined wear of both the disc and the ball, the 
individual wear of these components was further 
quantified using a Leica DCM8 confocal micro-
scope. The surface geometry of the AlTiN, TiN, 
and TiAlN-coated samples was characterized us-
ing a confocal microscope at 20x magnification, 
yielding isometric images and primary profiles 
over an area of 2.367 mm by 1.22 mm. The stud-
ies were complemented by the observation of 
wear tracks on the samples and counter-samples 

using a Phenom XL scanning electron micro-
scope. This microscope is additionally equipped 
with an EDS microanalyzer, which was used to 
examine the chemical composition of the samples 
in the wear track. The microscope was operated at 
an accelerating voltage of 15 kV, with a magnifi-
cation of 1000× for the disc and 300× for the ball.

RESEARCH RESULTS AND DISCUSSION

Surface characteristics before tribological 
testing 

The surface geometry of the AlTiN, TiN, and 
TiAlN-coated samples are presented in Figure 1. 
Comparing the coatings, the TiAlN coating had 
the smoothest surface with the lowest peaks and 
shallowest valleys. Among the coatings, the TiN 
coating had the most developed surface. The 
highest peaks were observed on the uncoated 
steel disc. This indicates that the application of 
the tested coatings to the surfaces of HS6-5-2C 
steel results in a reduction of surface roughness. 
The surface morphology and chemical compo-
sition of the test samples (coated and uncoated 
discs) and the counter-sample (ball) were also 
analyzed. These measurements were performed 
using a Phenom XL scanning electron micro-
scope, as shown in Figure 2. The morphology 

Table 1. Selected parameters of the investigated coatings [18]

Coating material Process 
temperature, °C Coating color Hardness, GPa Residual stress, 

GPa
Max. operating 
temp. work, °C

AlTiN < 600 Black and purple 35 +/- 3 ~ 0.6 1000

TiAlN 500 Purple-gray 33 +/- 3 ~ 0.6 900

TiN < 500 Golden-yellow 30 +/- 3 ~ 0.6 600

Table 2. The parameters of tribological tests

Type of motion

rotary

Load P = 10 N

Sliding speed v = 0.1 m/s

Friction distance s = 1000 m

Friction pair •	 disc (uncoated HS6-5-2C steel, HS6-5-2C steel with: TiN, TiAlN or AlTiN coating),
•	 ball (100Cr6 steel)

Lubricant None
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Figure 1. Isometric images and primary profiles before tribotests: (a) 100Cr6 steel ball, (b) HS6-5-2C steel, and 
with coatings: (c) TiN, (d) TiAlN, (e) AlTiN

images of the coated discs revealed non-uniform 
surfaces, with visible defects like microdroplets, 
craters, pores, and protrusions [13]. Among the 
coatings, AlTiN (Figure 2e) displayed the most 
uniform structure, while TiN (Figure 2c) showed 
the highest number of defects. To determine the 

distribution of elements in a given area, elemental 
maps were created for the discs, with and without 
coatings, used in the tribological tests, as shown 
in Figure 3. The analysis of the test results indi-
cated that the AlTiN coating had the most homo-
geneous elemental distribution. In contrast, the 
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Figure 2. SEM analysis: Surface morphology and point elementar analysis for: (a) 100Cr6 steel ball, (b) HS6-5-
2C high-speed steel, and coatings: (c) TiN, (d) TiAlN, (e) AlTiN
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Figure 3. Elemental map of samples: (a) HS6-5-2C high-speed steel and coatings: (b) TiN,  
(c) TiAlN, (e) AlTiN
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Figure 3. Cont. Elemental map of samples: (a) HS6-5-2C high-speed steel and coatings: (b) TiN, (c) TiAlN, 
(e) AlTiN

TiN and TiAlN coatings showed non-uniformity, 
with small areas containing substrate elements 
like iron and vanadium. Similarly, the steel sur-
face displayed an uneven structure with localized 
regions of tungsten, molybdenum, silicon, and va-
nadium. To evaluate the tribological performance 
of these coatings, tests were conducted using a 
TRB3 tribometer, with the findings summarized 
in Figure 4. A comparison of the friction and wear 
characteristics reveals that the lowest coefficient of 

friction was recorded for the disc with the TiAlN 
coating (Figure 4a). Conversely, the highest coef-
ficient was observed for the uncoated steel disc. In 
contrast, comparing the linear wear plots, the low-
est value was observed for the disc with the AlTiN 
coating, and the highest for TiAlN (Figure 4b). The 
difference between them was approximately 30%. 
After the tribological tests, the wear tracks were 
analyzed using scanning electron microscopy 
(SEM), energy-dispersive spectroscopy (EDS), 

Figure 4. Plots of: (a) coefficients of friction and (b) linear wear as a function of friction distance for the tested 
friction pairs under dry friction conditions
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Figure 5. SEM: surface morphology with point analysis of samples after tribotests: (a) HS6-5-2C high-speed 
steel and coatings: (b) TiN, (c) TiAlN, (e) AlTiN
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Figure 5. Cont. SEM: surface morphology with point analysis of samples after tribotests: (a) HS6-5-2C high-
speed steel and coatings: (b) TiN, (c) TiAlN, (e) AlTiN

and confocal microscopy. Images of the surface 
morphology and the determined chemical com-
position at the wear track for both discs and balls 
are summarized in Figure 5.

SEM images revealed built-up edges (appear-
ing as bright areas) on all analyzed coating sur-
faces. In the wear track of the AlTiN-coated disc, 
fine wear particles, which contribute to scratches 
and grooves, suggest an abrasive wear mecha-
nism. Similarly, the TiN-coated disc (Figure 5b) 
showed numerous built-up edges of varying sizes, 
and the TiAlN-coated disc also exhibited built-up 
edges along with fine particles, which influenced 
the formation of scratches and grooves. To ana-
lyze the chemical composition of these built-up 
edges, elemental maps of both worn and unworn 
areas were created (Figure 6).

The images obtained indicated the forma-
tion of grooves and built-up edges on the coating 

surfaces, primarily composed of iron, chromium, 
and vanadium. Conversely, the constituent ele-
ments of each coating were distributed across the 
entire disc surface. On the uncoated steel disc, 
chromium and tungsten were detected in the deep-
est section of the wear track. Since the linear wear 
results from the tribotester are the total wear of the 
disc and the ball, the wear tracks were additionally 
examined using a confocal microscope to deter-
mine the amount of wear on the discs and balls 
(Figure 7).

Confocal microscopy revealed that the Al-
TiN coating paired with the 100Cr6 steel ball 
resulted in the narrowest wear track. This com-
bination also exhibited the lowest maximum 
depth, pit area, and peak area on the disc (Fig-
ure 7d). Conversely, the ball interacting with the 
TiAlN-coated disc displayed the most wear. Its 
corresponding disc showed the largest pit area 
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Figure 6. Elemental map of the disc area conducted in the worn and the unworn regions for: 
(a) HS6-5-2C steel and coatings, (b) TiN, (c) TiAlN, (d) AlTiN
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and maximum height (Figure 7c). This suggests 
the presence of built-up edges on the TiAlN 
coating that don’t fully cover the wear track, as 
these indentations correspond to the coating’s 
surface. In contrast, the AlTiN coating showed 
high peak areas and a small pit area, indicating 
that built-up edges formed across nearly the en-
tire wear track width. This suggests that TiAlN 
has a lower propensity for built-up edge forma-
tion compared to AlTiN. Table 3 summarizes the 
surface roughness parameters of the samples and 
counter-samples before and after the tribological 
tests. Comparing the surface roughness param-
eters of the discs (Table 3) after the dry friction 
tribotest revealed that the TiAlN-coated disc 

exhibited the lowest Ssk, Sku, Sp, and Sz values. 
The lowest values of the Sa and Sq parameters 
were recorded for the disc with the TiN coating. 
Analyzing the balls revealed the lowest Sq, Sp, 
and Sa values for the ball paired with the TiAlN-
coated disc. In contrast, the other balls showed 
significant increases (over 80%) in Sp, Sv, and 
Sz, suggesting the development of surface ir-
regularities (peaks and valleys). Additionally, 
their Sa values rose by about 96%, indicating 
a lack of surface smoothing. The roughness of 
the coated discs remained relatively stable after 
the tribotests. A smoothing effect was observed, 
evidenced by the reduction in peak-related pa-
rameters (Sp, Ssk, Sku, Sv, and Sz). Conversely, 

Figure 6. Cont. Elemental map of the disc area conducted in the worn and the unworn regions for: 
(a) HS6-5-2C steel and coatings, (b) TiN, (c) TiAlN, (d) AlTiN
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Figure 7. Isometric images and primary profiles of discs and balls after tribological tests for: (a) HS6-5-2C 
hight-speed steel and coatings: (b) TiN, (c) TiAlN, (e) AlTiN
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the uncoated steel disc exhibited a significant in-
crease (up to 90%) in all roughness parameters 
(Sq, Sz, and Sv) post-testing. This high Sz value 
signifies considerable height variations within 
the wear track [19], while the elevated Sq value 
indicates a rough wear surface with numerous 
irregularities and peaks [20].

CONCLUSIONS

The research revealed that the TiAlN coating 
exhibited the fewest defects, suggesting superior 
quality. Its minimal surface development, as shown 
by roughness analysis, is beneficial for friction re-
duction. TiAlN also presented the lowest friction 
coefficient, making it well-suited for low-friction 
applications. However, the counter-ball paired 
with TiAlN experienced the most wear compared 
to those tested against TiN and AlTiN. Further-
more, TiAlN demonstrated resistance to built-up 
edge formation, unlike AlTiN and TiN, where larg-
er built-up edges were observed, which could im-
pact its lifespan. Conversely, AlTiN displayed the 
lowest linear wear, indicating high abrasion resis-
tance, and showed the narrowest wear track with 
the smallest built-up edges, suggesting effective-
ness in machining. Overall, AlTiN exhibited the 
highest wear resistance under dry friction, making 
it appropriate for dry machining cutting tools.
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