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High-speed steels (HSS) have high hardness, toughness, shock resistance, and wear resistance at room and increased
temperatures due to their high ratio of alloy elements. Even though the low wear resistance compared with cemented carbides
is a significant disadvantage, recent advances in surface technologies have increased surface hardness and wear resistance. In
the present study, the “cathodic arc vapor deposition” method from among the PVD coating methods was used for coating
the sample surfaces of the glaze spray nozzles prepared using AISI M2 high-speed steel material prepared with TiN, AlCrN,
AlCrTiN, and AlTiN. Scanning electron microscope (SEM) was used to identify that the coatings display a homogeneous and
crack-free distribution. The micro-hardness of AISI M2 high-speed steel-coated ceramic coatings was also investigated.
Accordingly, the highest hardness value was obtained for the TiN-coated sample, whereas the lowest hardness value was
obtained for the AlCrTiN-coated sample. The ball-on-disc method was used to compare the wear characteristics of the
samples, considering the distance from the coatings until fracture. When the wear resistance of the coated samples was
examined, it was observed that the most significant increase was obtained in AlCrN coated sample compared with the original
sample. 
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Introduction

High toughness and wear resistance because of its
well-balanced alloy composition of AISI M2 high-
speed steel, making it appropriate for a significant
difference in applications. Also highly suitable for
cold-forming tools, such as cold extrusion rams and
dies, as well as for precision cutting tools, nozzles with
elevated wear resistance, and screws [1, 2].

The current conditions in today’s industry render
production rate-related improvements and the advancement
of innovative technologies necessary. PVD surface
coating methods are widely used among the different
coating methods due to the necessity for materials with
a combination of different properties which cannot be
attained from a single material [3]. Industrial surface
coating methods aim to improve the tribologic properties
of substances and reduce corrosion losses [4]. Vapor
deposition methods from among these methods hold
significant importance among applications against
wear. The physical vapor deposition (PVD) method is
frequently preferred due to its various characteristics,

such as low cost, the ability for thin coating and high
purity, and good adhesion of the coated material to the
substrate [5-8]. Hard ceramic coatings are among the
most widely used substances for surface coating in
recent years. The use of hard ceramic thin film coatings
manufactured via PVD methods is effective for
increasing the toughness of the materials subject to
wear in the environments they are used in. The lifetime
and commercial value of the product can be improved
by the utilization of proper coating methods and
coating material [9]. 

Previous studies and results of industrial applications
have shown that the hard ceramic coatings synthesized
from the nitride, carbide, and boride compounds of
transition elements (Ti, Zr, Nb, Hf) increase the
engineering properties of the substrate material they are
applied on. TiN, CrN, TiCN, and AITiN are the hard
ceramic components most frequently used in industrial
applications [5, 10-15]. Various studies have been
conducted on the tribological properties of the TiN,
AlCrN, AlCrTiN, and AlTiN ceramic coatings to
highlight the advantages of these coatings over
uncoated surfaces of the mechanical components and
tools. Since the 1980s, transition metal nitride coatings
have been widely used as protective coatings against
wear and corrosion due to their high hardness, low
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friction coefficient, high corrosion resistance, and
intrinsic biocompatibility [16-19].

The addition of Al to increase the oxidation resistance
and improve the wear and erosion resistances of TiN
coating contributes to TiN and helps preserve hardness
up to 1300-1500 °C. Aluminum creates an aluminum
nitride and aluminum oxide layer on the surface. For
this reason, Al-based ceramic coatings are preferred
more in industry. It has been observed that AlTiN
coatings display high protection against tribologic
effects even under unstable impacts [20, 21]. AlCrTiN
coating is used in working parts, cylinders, and forms
thanks to its perfect wear resistance and toughness
under excessive mechanical stress and high temperature.
This type of coating is also preferred in processing
materials that are difficult to cut [22-24].

As the most important and valuable among ceramic
products, ceramic is a nonporous fine product with a
unique opacity and whiteness. Porcelain is a product
that requires significant attention at all stages of its
production and firing [25-27]. Glaze increases the
aesthetic value of the product by bringing color and
texture properties to the ceramic products on which the
glaze is applied and protects the decoration applied
underneath, insulating and protecting it from external
effects [28]. Deep glazing and spray glazing methods
are conducted during the production of porcelain
dishware [29]. Spray glazing method is preferred in the
glazing of colored porcelain (stoneware or earthenware)
in order to reduce the costs and due to the characteristics
of the raw material. Glaze spray nozzles make up the
most important part in spray glazing. The glaze
spraying nozzles may wear out over time due to the
high amount of silicate (SiO2) in the glaze composition.

This leads to changes in nozzle diameter and form, thus
making an adverse impact on homogeneous glazing.
Hence, the nozzles should be replaced at intervals of
about 60 hours, subject to production quantity. Each
glazing machine has eight nozzles. The replacement
and adjustment durations for eight nozzles are
approximately one hour. About 900 porcelain products
are not glazed when the glazing machine is stopped for
one hour. Therefore, worn-out glaze spray nozzles
significantly impact production quantity and cost in
addition to harming glazing and related processes. 

The aim of the present study was to utilize the PVD
coating method for the application of TiN, AlCrN,
AlCrTiN, and AlTiN hard ceramic coatings in order to
improve the surface wear characteristics of glazing
nozzles manufactured using AISI M2 high-speed steel
and to examine the wear characteristics of nozzles
subject to the aforementioned coatings. 

Experimental Procedures

AISI M2 high-speed steel with a thickness of 3.2 mm
and diameter of 18.85 mm, the chemical composition
presented in Table 1, was used in the experiments.
Vacuum hardening, austenization, and tempering thermal
processes were applied to the samples, as a result of
which the hardness level of the samples was brought
up to 743-773 HV. Table 2 presents the applied
hardening and tempering parameters.

The samples were first subjected to alkaline cleaning
via an ultrasonic method to remove oxide, oil, and
contaminations that may disrupt the coating quality.
Afterward, the sample surfaces were coated with TiN,
AlCrN, AlCrTiN, and AlTiN using the Novatec31

Table 1. AISI M2 high speed steel chemical composition (wt.%).

Element C Si Mn P S Cr Mo V W Co

% 0.792 0.382 0.29 0.02 0.004 3.76 4.99 1.63 5.78 0.68

Table 2. Thermal processing parameters applied on the samples.

Applied Process Vacuum Hardening Austenization Tempering 

Temperature/
Duration

650 °C
/15 min

850 °C
/15 min

1000 °C
/15 min

1180 °C
/15 min

550 °C
/120 min

530 °C
/120 min

530 °C
/120 min

530 °C
/120 min

Table 3. TiN, AlCrN, AlCrTiN and AlTiN coating parameters.

Coating 
Type

Composition
Temperature 

(oC)

Nitrogen 
Partial 

Pressure 
(mbar)

Total 
Pressure 
(mbar)

N2 Flow 
Rates
(sscm-

cm3/min)

Cathode 
Arc 

Current
 (A)

Negative 
Bias 

Voltage
 (V)

Distance 
Between 
Target-
Cathode

Deposition 
time
(min)

TiN 100% Ti 450 4×10-2 4×10-2 750 150 40 15 120

AlCrN 64%/36 Al-Cr 480 4.8×10-2 4.8×10-2 800 150 40 15 120

AlCrTiN
67%/33 Al-
Ti+100% Cr

450 2×10-2 2×10-2 300 70 50 15 120

AlTiN 50%/50 Al-Ti 480 4.5×10-2 4.5×10-2 800 150 40 15 120
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brand device via the “cathodic arc vapor deposition
method” from among the PVD coating methods. The
parameters for each of the applied coatings are presented
in Table 3.

The samples' coating thickness and elemental analyses
were conducted using a Jeol JSM-7000F model scanning
electron microscope. Microhardness measurements
were carried out using the Future-Tech FM-700 model
microhardness testing machine and the application of a
50 gr load for 10 seconds. The Daimler-Benz Rockwell-
C indentation test was carried out by VDI 3198
standards to characterize the adhesion behavior of the
coatings on the substrate. The tests were carried out by
applying a load of 1471 N (150 kg). The sample
surfaces were examined via an optical microscope after
indentation, and assessments were made on whether
the adhesion strength values were acceptable or not.
Figure 1 presents the maps for the damaged views
subject to the VDI 3198 standard. Accordingly, figures
between HF 1-4 are considered acceptable, whereas HF
5-6 is unacceptable [30].

Wear experiments were conducted using a CSM
tribometer using the ball-on-disc method. An aluminum
ball with a diameter of 3 mm was used as the counter
object. Wear experiments were performed at room
temperature, dry conditions, under 10 N load, with a
diameter of 1.5 mm and at 500 rpm linear speed. The
wear characteristics of the samples were examined by
taking into account the path followed by the coatings
until fracture.

Results and Discussion

Microstructural Analysis
Figure 2 shows the fractured surface microstructure

images for samples coated with TiN, AlCrN, AlCrTiN,
and AlTiN. It was observed as a result of a general
examination that the coatings display a homogeneous
distribution without cracks. Based on the analysis,
coating thicknesses of TiN, AlCrN, AlCrTiN, and
AlTiN coatings obtained were 0.76, 0.62, 0.48, and
0.50 µm, respectively.

Table 4 shows the EDS analysis results obtained
from the coating surfaces. No other element other than

those taking part in the process were identified as a
result of the analysis.

Hardness Experiment Results 
Figure 3 presents the hardness values measured from

the TiN, AlCrN, AlCrTiN, and AlTiN-coated AISI M2
high-speed steel nozzle samples. Accordingly, hardness
values were obtained as 1557 HV50 for TiN, 1249
HV50 for AlTiN, 1529 HV50 for AlCrN, and 1458
HV50 for AlCrTiN. An increase of about 2-2.5 times
was observed in the hardness values of coated samples
compared with the AISI M2 steel subject to heat

Fig. 1. Maps of the damage views according to the VDI 3198
standard [29].

Fig. 2. Fractured surface micrographs samples coated with TiN,
AlTiN, AlCrN and AlCrTiN.

Table 4. EDS analysis results for coating surfaces.

Film
Elemental weight (wt. %)

Ti Al Cr N

TiN 73.56 - - 26.44

AlCrN 41.83 45.89 12.28

AlCrTiN 34.84 44.92 5.89 14.35

AlTiN 52.87 34.45 - 12.68
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treatment. Based on the related literature, hardness
values are about 2200 HV for TiN coating, 2900 HV
for AlCrN coating, 3800 HV for AlCrTiN coating, and
3000 HV for AlTiN coating [14, 23]. It is considered
that the differences in the results between the samples
may be related to coating thickness, and process
parameters [31, 32].

Daimler-Benz Rockwell-C Indentation Test Results
Figure 4 shows the indentation marks obtained from

the Daimler-Benz Rockwell-C test applied on samples
coated with TiN, CrN, AlCrN, AlCrTiN, and AlTiN. It
was observed in Fig. 4 that there was no delamination
on the samples. When the damage maps were examined
subject to the VDI 3198 standard, it was concluded that
the coatings display HF 1 group adhesion and thus
adhere firmly to the substrate.

Wear Experiment Results 
Figure 5 presents the friction coefficient-sliding

distance for the samples, whereas the mean friction
coefficient graph is shown in Fig. 6. The experiments
were carried out with the same parameters for each
sample, and the distances until the fracturing of the
coating were compared. In conclusion, the distances
covered were 16.7 m with TiN coating, 3760 m with
AlCrN coating, 3210 m with AlCrTiN coating, and 1.6
m with AlTiN coating. The mean friction coefficients
(µ) were obtained respectively as M2 > AlCrN >
AlCrTiN > TiN > AlTiN.

The specific wear ratios of the coatings are presented
in Fig. 7. It can be observed when the specific wear
ratios are examined that adding the Cr element to the
coating increases wear resistance. In contrast, the
addition of the Ti element reduces wear resistance.
Hence, the lowest wear ratio was observed for AlCrN
coating. AlCrN coating exhibited better wear resistance
than AlTiN coating; this result is thought to be because
the tribochemically formed Cr2O3 exhibits better
tribological properties than the TiO2 of the AlTiN
coating. It was concluded when AlCrN and AlCrTiN

Fig. 3. Vickers hardness values for AISI M2 steel nozzles coated
with different ceramic materials.

Fig. 4. Indentation marks following the Daimler-Benz Rockwell-
C adhesion test applied on samples coated with TiN, AlTiN,
AlCrN and AlCrTiN.

Fig. 5. Friction coefficient-sliding distance graphs for the samples.

Fig. 6. Mean friction coefficient graph for the substrate material
and coatings.
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coatings with the lowest specific wear ratio were
compared, even though they have similar wear ratios,
the Ti element included in the coating increases the
wear ratio. Similarly, the impact of the Ti element on
the wear ratio when added to the coating can be seen
clearly as a result of the comparison of AlCrN and
AlTiN coatings. Local temperature increases during
wear test lead to coating oxidation and the formation of
tribo-oxide films [33]. The tribo-oxide films most
likely form on the samples are TiO2, Al2O3, and Cr2O3.
In addition, it is known that Al2O3 and Cr2O3 oxide
films improve wear resistance due to their high thermal
stability [34, 35]. The higher specific wear ratio of
AlTiN coating compared with TiN coating can be
explained by the decrease in the hardness of the
coating due to the addition of the Al element to the
coating. On the other hand, the lower coating thickness
of AlTiN coating compared with TiN coating may also
be associated with this. Adesina et al. reported that [36]
factors such as the roughness of the coatings, and the
material transfer between the sliding interfaces
influence the (coefficient of friction) COF. Similarly, it
was concluded as a result of the present study that the
Al element inside the TiAlN and TiN coating reduces
the hardness of the coating as well as wear resistance
[37]. The wear behavior of ceramic coatings is related
to coating thickness, hardness, and the surface roughness
of the coating [38]. Also, aluminum is a very reactive
metal, and hence its aluminum content causes an
increase in chemical reactivity in the coating. As a
result, at the high temperature caused by the high shear
rate, the probability of forming strong interfacial bonds
between slip surfaces increases. In addition, aluminum
oxides formed during the sliding process can increase
the brittleness of the coating and cause brittle fractures
[39].

Conclusions

In the present study, the cathodic arc vapor deposition
method was used to apply TiN, AlCrN, AlCrTiN, and
AlTiN coatings on the glaze spray nozzles prepared

using AISI M2 steel, after which their wear characteristics
were examined comparatively. The acquired results are
summarized below:

1. Coating thickness values of 0.76, 0.62, 0.48, 0.50
µm were obtained for TiN, AlCrN, AlCrTiN, and
AlTiN coatings, respectively. The obtained coatings
display a homogeneous and crack-free distribution. 

2. Substrate hardness values of 743, 1557, 1249,
1529, and 1458 HV were obtained for TiN, AlCrN,
AlCrTiN, and AlTiN coatings, respectively. An increase
of about 2-2.5 was observed in the coated samples
compared with the substrate material. The highest
hardness value was obtained for TiN, whereas the
lowest hardness value was obtained for AlCrTiN. The
difference in the acquired results from the literature
findings may be related to the difference in coating
thickness and the variability of the process parameters. 

3. Even though delamination was not observed on
any of the samples as a result of the Daimler-Benz
indentation test applied on coated samples, it was
concluded when the damage maps were examined that
HF-1 class strong adhesion is observed. 

4. It was observed when the friction coefficient-
sliding distance graphs were examined that the coating
on TiN, AlCrN, AlCrTiN, and AlTiN moved about
16.7, 3760, 3210, and 1.6 m, respectively. The highest
distance was obtained with AlCrN coating, whereas the
lowest was obtained with AlTiN coating. The mean
friction coefficients of the samples were M2 > AlCrN
> AlCrTiN > TiN > AlTiN. 

5. The highest increase in the wear resistance of
coated samples was observed in the sample coated with
AlCrN compared with the substrate material. It was
concluded that the Ti element reduces wear resistance
and that the Cr element increases wear resistance. This
was associated with the formation of tribo oxide films
during the wear experiments. 
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