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abstract  In this paper, the AlCrTiN coatings deposited by the cathodic arc method using a plasma filtration system have 
been studied to determine the effect of the use of this technology on the structural, mechanical, and tribological 
properties of these coatings. The results of the studies have revealed that using a plasma filtering system in 
the cathodic arc evaporation process has a significant influence on smoothness, hardness, Young's modulus, 
and plasticity of the coatings. Compared to the AlTiCrN coatings that have been deposited by the standard arc 
cathodic process, the coatings produced by filtered method have very smooth surfaces as well as  lowered values 
of hardness, less Young's modulus, and a lower plasticity index H3/E2. Presented properties make coatings 
of this type able to dissipate elastic energy that is accumulated in them during the abrasion process by plastic 
deformations, which in turn, results in the reduction of the tendency to create damage in the coatings and cause 
a limitation of wear rate. Improved tribological properties of the AlTiCrN coatings produced by filtered cathodic 
arc technology indicate a very promising solution for a wide range of tribological applications.

Słowa kluczowe: powłoki AlTiCrN, system filtracji plazmy, morfologia powierzchni, własności mechaniczne i tribologiczne 
powłok.

Streszczenie:   W artykule badano powłoki AlCrTiN osadzane metodą łukową z wykorzystaniem systemu filtracji plazmowej 
w celu określenia wpływu stosowania tej technologii na ich właściwości strukturalne, mechaniczne i tribo-
logiczne. Wyniki badań wykazały, że zastosowanie systemu filtracji plazmy w procesie odparowywania łuku 
katodowego ma znaczący wpływ na gładkość, twardość, moduł Younga i plastyczność powłok. W porównaniu 
z powłokami AlTiCrN, które zostały osadzone w standardowym procesie łukowym, powłoki otrzymane metodą 
łukowo-próżniową z użyciem filtra posiadają bardzo gładkie powierzchnie, a także charakteryzują się obniżo-
nymi wartościami twardości, mniejszym modułem Younga i małym wskaźnikiem plastyczności H3/E2. Przed-
stawione właściwości sprawiają, że powłoki tego rodzaju procesu ścierania mogą przez deformacją plastyczną 
rozpraszać zgromadzoną w nich potencjalną energię sprężystą, co z kolei zmniejsza w nich tendencję do wystę-
powania uszkodzeń i powoduje ograniczenie zużycia. Polepszone właściwości tribologiczne powłok AlTiCrN 
wytwarzanych z wykorzystaniem technologii łukowej i zastosowaniem systemu filtracji sprawiają, że powłoki 
tego rodzaju są bardzo obiecującym rozwiązaniem dla szerokiego zakresu zastosowań tribologicznych.

 INTRoDUCTIoN

In the past few years, cathodic vacuum arc technology 
is widely used for manufacturing different wear 
resistance and tribological coatings [L. 1, 2]. Cathodic 
arc deposition process is a coating technology with 
great potential, because the high degree of the plasma 
ionization promotes the formation of dense, continuous 
coatings with good adhesion to the substrates. However, 

the application of this method has some limitations 
related to the presence in the plasma generated from 
the arc evaporation of a great amount of microdroplets 
(macroparticles), which are incorporated into the coating 
during its growth [L. 3]. The presence of macroparticles 
in the deposited coatings leads not only to an increases 
in their porosity but to reducing their wear resistance 
by the intensification of the crack propagation process 
and by limiting the cohesion of the coatings. In order to 
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reduce the number of microdroplets built into coatings 
that are produced by the cathodic arc vacuum deposition 
process, numerous studies on the use of various types 
of filtering systems have been conducted [L. 4–7]. 
In filtering systems, the number of macroparticles 
can be reduce by mechanical blocking of part of the 
macroparticles and of simultaneous enhancement of the 
flux of ions that move from the cathode to the substrate 
by shaping of the plasma stream with the effective use of 
a magnetic field. The application of filtered DC vacuum 
arc technology allows one to modify and optimize 
coating material properties [L.8]. This paper presents the 
influence and use of a microdroplets filtering system on 
the mechanical and tribological properties of AlCrTiN 
coatings deposited by the cathodic arc vacuum method.

ExPERImENTaL  DETaILS

Coatings deposition processes

The AlCrTiN coatings were prepared with using an 
industrial PVD coating device standard manufactured in 
Institute for Sustainable Technologies in Radom equipped 
with a filtering deposition system. Described elsewhere 
[L. 9], the filtering system that was used for implementation 
of experimental works is a modification the rectilinear 
filter, thanks to application of an additional anode placed 
close to the cathode of the arc plasma source (Fig. 1).  

Fig. 1. Construction of a cathodic arc plasma source with 
microdroplets filter that was used to implement the 
experimental research

Rys. 1.  Budowa katodowego źródła plazmy łukowej z filtrem 
mikrokropli, który został wykorzystany do przepro-
wadzenia badań

Steel discs with a diameter 25.4 mm and 6 mm thick 
made of high speed steel (Böhler S600), which were 
initially quenched and tempered to the hardness of 
800 HV, were used as the substrates for the deposition 
of AlCrTiN coatings. The surfaces of specimens 
for the deposition of the coatings were prepared by 
mirror polishing (Sa=0.02 μm) and ultrasonic cleaning 
in a washer with a trichloroethylene bath. Before 
deposition of the coatings, the substrates were preheated 
in the vacuum chamber at a pressure of 5.0×10−3 Pa to 
the temperature of 200°C by using radiant heaters and 
then were cleaned by the metal-ion etching process. In 
Table 1 are listed the deposition process parameters. 
During of coatings deposition with the use of a filtering 
system, the current on an additional anode of the filter 
was 50 A. To examine the effect of applied a filtering 
system on the properties of AlCrTiN coatings, the same 
coatings were produced by the standard cathodic arc 
evaporation process (without filtering). 

Table 1. Processes parameters of the deposition of 
alCrTiN coatings

Tabela 1.  Parametry procesów osadzania powłok AlCrTiN

Target composition (at.%) Al0.7Cr0.15Ti0.15

Bias voltage (V) -150

Arc current (A) 50

Nitrogen pressure (Pa) 2.0

Deposition temperature (0C) 280

Deposition time (sec) 90

 
Characterization of alCrTiN coatings

The coatings thicknesses were measured by the 
calotest method. A scanning electron microscope, 
(SEM) HITACHI SU 70, was used to examine the 
coatings’ morphology and the analysis of wear tracks. 
An optical microscope, KEYENS VHX1000, equipped 
with a digital analysis system was use to perform the 
investigations of the defectiveness ratio of the coating 
surface. The defectiveness was defined as a ratio of the 
area of the surface defects to the analysed image area. 
The research of the coatings surface topography and 
roughness were performed by an optical profilometer, 
Talysurf CCI Taylor-Hobson. Analyses of the elemental 
compositions were performed using energy depressive 
X-ray spectrometry (EDS). The hardness and elastic 
modulus of the coatings were measured by using 
a CSM Nano-Hardness Tester at a controlled maximum 
load mode. In these studies, a Berkovitch diamond 
tip was used. The maximum indentation depths in all 
measurements were closed to less than one-tenth of the 
coating thickness. The coating-to-substrate adhesion 
strength was evaluated by semi-quantitative Daimler-
Benz indentation test made at a load of 1500 N [L. 10]. 
The tribological tests were carried out using an SRV 
tribometer in oscillating motion. All tests were conducted 

Deposition
method

Coatings thickness
(μm)

Quantity
of microdroplets

Defectiveness 
ratio
(%)

Roughness
parameter Ra

(μm)
Filtered 0.8 5176 13.20 0.005

Un-filtered 1.3 7507 36.50 0.099
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in dry conditions at a temperature of 25°C and a relative 
humidity of 60%, using a Si3N4 ball (6 mm in diameter). 
The experimental parameters were as follows: a normal 
load of 20 N, a stroke of 1 mm, an oscillating frequency 
of 5 Hz, and a period of 3 min. During the experiments, 
a friction coefficient online was recorded. The optical 
profilometer was used to investigate wear tracks and 
determine the wear volume of AlTiCrN coatings.

RESULTS  aND  DISCUSSIoN

Surface morphology and surface roughness  
of the coatings

The results of investigations of a surface morphology 
and topography are shown in Table 2.

The investigations of surface morphology and 
topography indicated that the AlTiCrN coatings 
deposited by cathodic arc method have many defects, 
such as the microdroplets, pinholes, conical hillock 
anomalies, and shallow craters. The quantity and size 
of defects in coatings depends on the technological 

configuration of arc plasma sources (with or without 
filter) used to implement the coating deposition process.

Table 2.  The influence on the quantity and dimensions of 
microdroplets on the defectiveness and surface 
roughness of alTiCrN coatings

Tabela 2.  Wpływ ilości i rozmiarów mikrokropli na stopień 
zdefektowania i chropowatość powierzchni powłok 
AlTiCrN

Deposition
method

Coatings 
thickness

(μm)

Quantity
of microdroplets

Defectiveness 
ratio
(%)

Roughness
parameter Ra

(μm)

Filtered 0.8 5176 13.20 0.005

Un-filtered 1.3 7507 36.50 0.099

When comparing the two examined coatings (see 
Fig. 2), it was observed that the coatings deposited by 
using the filtered process have a very smooth surfaces 
(Ra = 0.005 um), mainly due to elimination of the large 
droplets with sizes 3–5 μm by the filter. The surfaces 
of these coatings are covered by a smaller quantity of 
droplets (by about 30%), which are characterized by 

a)              b)

Sa = 0.9 µm       Sz = 7.7 µm                                            Sa = 0.07 µm       Sz = 3.2 µm 

Fig. 2. morphology and surface topography (SEm micrographs and 3D images) of alTiCrN coatings deposited by the arc 
cathodic process: (a) with filter, (b) by standard un-filtered technique

Rys. 2. Morfologia i topografia powierzchni (obrazy SEM i 3D) powłok AlTiCrN osadzonych metodą łukowo-próżniowego (a) 
z filtracją plazmy (b) standardową techniką bez filtra
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much smaller dimensions, below 1.0 μm. Unfortunately, 
the main disadvantage of the filter application is 
reduction of the coatings deposition rate by half, which 
falls from 14.5 to 6.6 nm/min.

Composition of the coatings

Table 3 summarizes the results of the quantitative 
EDS analysis of the elemental composition of AlTiCrN 
coatings.

From these results, it is apparent that chemical 
compositions of both investigated coatings differ in 
comparison to the chemical composition of the cathodes 
evaporated according their manufactures’ specifications. 
It should be noted that the use a filter of microdroplets 
for deposition process leads a reduction in the AlTiCrN 
coatings’ concentration of aluminium (up to 65.3 at. 
%) and titanium (up to 13.1 at. %) with a simultaneous 
increase in chromium content (to 22 at. %).

In the case of coatings deposited by the un-filtered 
cathodic arc process, their chemical composition was as 
follows: aluminium content in the coatings remained at 
the same level as in the cathodes applied to deposition 
process, i.e. 70.0 at. %, but the contents of titanium 
and chromium were 13.1 and 16.9 at. %, respectively. 
Unfortunately, the results of the changes in the chemical 
composition of AlTiCrN coatings are difficult to explain 
at this stage of investigations.

mechanical properties

Hardness and Young’s modulus of coatings

Table 4 presents the average values of a hardness H and 
Young’s modulus E as well as the plasticity index of 
AlTiCrN coatings. 

The study proved that AlTiCrN coatings deposited 
using a filter in comparison to coatings produced by the 

standard deposition process were characterized by lower 
values of hardness and Young’s modulus and by a lower 
index of plasticity H3/E2. The observed differentiation 
of mechanical properties for the examined coatings may 
be cause by variations in residual stresses, which are 
generated in the coatings because of the bombarding of 
a growing coating by the ions with a diversified energy. 
In the case of AlTiCrN coatings deposited without using 
a filter, the ions reaching the surface of the substrate 
have a high energy, since they travel in a direct line from 
the cathode to the substrate, which leads to increasing 
residual stresses. High residual stresses are the cause 
of increasing hardness as well as a high resistance to 
a plastic deformation in these coatings. For the coatings 
manufactured by filtered arc technique, the ions 
reaching the surface of the substrate and participating 
in bombardment of growing coatings have a reduced 
energy due to random movements of ions around the 
shield of applied filter [L. 11], which is reveals by the 
decrease of a stress level in a coating. When produced 
in these conditions, the coatings have improved elastic-
plastic properties for the reason of the respectively high 
hardness in combination with very good plasticity.

Coatings adhesion

The results of study on the coating-to-substrate adhesion 
strength made by indentation tests are shown in Figure 3.

Both examined coatings revealed only small cracks 
without visible delamination of coatings in the regions 
adjacent to indentations. According to the Daimler-
Benz indentation characterization scale, these results 
demonstrated very good adhesion of both investigated 
coatings to the steel substrate, which corresponds to the 
adhesion quality ranking pattern of H1 (on the scale 
H1-H6).

Table 3.  Chemical composition of alTiCrN coatings
Tabela 3.  Skład chemiczny powłok AlTiCrN

Deposition
method

Al
(at. %)

Ti
(at. %)

Cr
(at. %)

N
(at. %)

Al/(Al+Ti+Cr)
(at. %)

Ti/(Al+Ti+Cr)
(at. %)

Cr/(Al+Ti+Cr)
(at. %)

Filtered 26.7 5.2 9.0 59.1 65.3 12.7 22.0

Un-filtered 33.8 6.3 8.2 51.7 70.0 13.1 16.9

Table 4.  mechanical properties of alTiCrN coatings
Tabela 4.  Właściwości mechaniczne powłok AlTiCrN

Deposition
method

Mechanical
parameters

Data Average 
value Std dev. Plasticity index

H3/E2
1 2 3

Filtered
H[Gpa] 21.7 22.0 21.2 21.6 0.4

0.09
E[GPa] 320.6 342.8 319.5 327.6 13.1

Un-filtered
H[Gpa] 29.1 29.6 28.7 29.1 0.4

0.20
E[GPa] 353.4 331.9 348.4 344.5 11.3
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                       a)                 b)

 

Fig. 3.  optical micrographs of the Rockwell indentations made on samples with alTiCrN coatings deposited by the arc 
vacuum process: (a) the filtered and (b) standard un-filtered

Rys. 3.  Mikroskopowe obrazy odcisków wykonanych metodą Rockwella na próbkach z powłokami AlTiCrN osadzonymi z wy-
korzystaniem procesu łukowo-próżniowego (a) z filtracją plazmy, (b) bez użycia filtra

Wear behaviour of alTiCrN coatings under dry 
friction conditions

Based on the performed topographic examinations 
of the wear tracks, it was found that abrasive wear is 
the dominant form of wear for both tested AlTiCrN 

coatings. This is evidenced by the presence of the 
parallel grooves in the sliding direction visible on the 
worn surfaces (Fig 4). This mode of the wear can be 
induced by the Si3N4 ball and/or by the hard particles 
that became detached from a coating in the frictional 
process. The profilometric measurements of volumetric 

               AlTiCrN coating deposited by filtered process                                                     Wv = 0.128 mm3

Fig. 4.  Topographies of the worn surfaces (3D images) and the cross-section profiles on the wear tracks obtained on 
samples coated by the investigated alTiCrN coatings

Rys. 4.  Topografie zużytych powierzchni (obrazy 3D) i profile przekrojów na ścieżkach zużycia uzyskane na próbkach pokrytych 
badanymi powłokami AlTiCrN

          AlTiCrN coating deposited by un-filtered process                                                Wv = 0.219 mm3
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wear, Wv, were disclosed by the differences in the wear 
rates of the examined coatings. The studies have shown 
that the volumetric wear of AlTiCrN coatings deposited 
by using the filtered arc technique, despite their lower 
hardness H = 21.6 GPa, was  about 40% lower than the 
wear of significantly harder coatings (H = 29.1 GPa) 
that were produced by the classic arc deposition method. 
The smaller of volumetric wear in the softer AlTiCrN 
coatings can be explained in the following way. 
According to the authors [L. 12], high hardness is not 
necessarily for the reducing of the coatings wear. In many 
cases, the plasticity of the coating is the main property 
limiting their wear rate. The AlTiCrN coatings produced 
by the filtered arc method, despite the lower hardness, 
demonstrate high plasticity (plasticity index 0.07). The 
coatings with these characteristics are able to dissipate 
elastic energy accumulated in the coating during the 
wear process by means of plastic deformation (Fig. 5a). 
This phenomenon leads to reducing the tendency to the 
formation of damage in the coatings and slows down of 
their wear process. The improved the wear resistance 
of these coatings is also caused by a small number of 
defects in their structures (e.g., the local protuberances, 
pores, droplets), because the presence of defects usually 
accelerates the failure process of the coatings during the 
initial stage of tribological tests [L. 13]. 

For the harder, brittle, and heavily defective 
AlTiCrN coatings deposited using the conventional 
un-filtered method, their destruction mechanism is 
different than the mechanism observed in the coatings 
produced with using of a plasma filtering technique. In 
these coatings, the processes of brittle fractures cause 
visible damages on the wear tracks (Fig. 5b). One of 
the reasons for such a wear mechanism in this kind of 
coatings is the presence of a large number of defects in 
their structures. The large number of defects, mainly 
in the form of microdroplets, led to the formation of 
cracks within the coatings at interfaces between the 
droplets and the surrounding coating matrix. As a result 
of the propagation of these cracks, the coatings loses 
its cohesive properties, and their damage is not cause 
by a gradually wear process but by a brittle failure 
mechanism. It causes that abrasive particles detached 
from the coatings through this mechanism and play the 
role of a third body in the tribological system which 
significantly accelerates the wear rate of coatings.

The results of tribological tests also show that the 
friction coefficient (COF), measured in the steady-state 
phases of the run, in interaction with Si3N4 ball, to be 0.6 
and 0.7 for both investigated AlCrTiN coatings (Fig. 5).

These results suggest that, in the sliding 
reciprocating tests performed under dry friction at room 
temperature, the number of defects occurring in the 
AlTiCrN coatings as well as its differentiated mechanical 
properties have only a negligible impact on the values of 
friction coefficients. 

a)

Fig. 5.  The worn surfaces of alTiCrN coatings deposited 
on the samples using an arc cathodic process: (a) 
with the filtering system, (b) standard un-filtered 
technique (SEm micrographes)

Rys. 5.  Zużyte powierzchnie powłok AlTiCrN osadzonych na 
próbkach za pomocą łukowego procesu katodowego: 
(a) z systemem filtrowania, (b) standardową techniką 
bez filtracji plazmy (mikrografie SEM)

Fig. 6. The changes in the friction coefficient of the 
examined alTiCrN coatings in contact with the 
Si3N4 ball recorded during tribological tests

Rys. 6.  Zmiany współczynnika tarcia badanych powłok AlTi-
CrN w kontakcie z kulką Si3N4 zarejestrowane pod-
czas testów tribologicznych

b)
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CoNCLUSIoNS

The AlCrTiN coatings were prepared using 
a microdroplets filtering system installed in an 
industrial PVD coating device. Within the framework 
of the conducted research, the influences of the 
applied filtration system on topography, morphology, 
chemical composition as well as on the mechanical and 
tribological properties of manufactured coatings were 
analysed. Based on the analysis of the results of these 
studies, the following conclusions can be drawn:
• Application of the cathodic arc evaporation process 

with a filtering system, through the elimination 
of coatings defects in the form of microdroplets, 
allows the production of AlTiCrN coatings with 
improved properties.

• These coatings, in comparison to heavily defective 
AlTiCrN coatings produce by the standard arc 
cathodic process, are characterize by increased 
surface smoothness, good adhesion to the substrate, 
and a respectively high hardness in combination 
with very good plasticity.

• The coatings with these characteristics are able 
to dissipate elastic energy accumulated in the 
coating during wear processes by means of plastic 
deformation, which causes a reduction in the 
tendency of the coatings to be damage and a slowing 
down of the wear process during their utilization.

• Improved properties of the AlTiCrN coatings 
produced by filtered cathodic arc technology causes 
these coatings to be a very promising solution for 
a wide range of tribological applications.

REFERENCES

1. Sanders D.M., Anders A., Review of cathodic arc deposition technology at the start of the new millennium, Surf. 
Coat. Technol.133–134 (2000) 78–90.

2. Martin P.J., Bendavid A, Review of the filtered vacuum arc process and materials deposition, Thin Solid Films, 
Vol. 394, Issue 1–2, 15 (2001) 136–142.

3. Tkadletza M., Mittererb C., Sartorya B., Letofsky-Papstc I., Czettld C., Michotte C., The effect of droplets in arc 
evaporated TiAlTaN hard coatings on the wear behavior, Surf. Coat. Technol. 257(2014) 95–101.

4. Martin P.J., Netterfield R.P., Bendavid A., Kinder T.J., The deposition of thin films by filtered arc evaporation, 
Surf. Coat. Technol. 54–55 (2000) 78–90.

5. Mustapha N.M., Howson R.P., Reactive filtered arc evaporation, Vacuum, Vol. 6 Issue 3 (2001) 361–368.
6. Stepanov B., Ryabchikov A.I., Ananin P.A., Bumagina A.I., Shevelev A.E., Shulepow I.A., Sivin D.O., 

Investigation of filtered arc plasma application for TiAlN and TiSiB coatings using ion beam and plasma material 
processing, Surf. Coat. Technol. 296 (2016) 20–25.

7. Martin P.J., Bendavid A., The filtered arc process and materials deposition, Surf. Coat. Technol. 142–144 (2001) 
7–10.

8. Vetter J., 60 years of DLC coatings: Historical highlights and technical review of cathodic arc processes to 
synthesize various DLC types, and their evolution for industrial applications, Surf. Coat. Technol. 296 (2016) 
20–25.

9. Miernik K., Walkowicz J., Bujak J., Design and performance of the microdroplets filtering system used cathodic 
arc coating deposition, Plasmas & Ions 3 (2000) 41–51.

10. Daimler-Benz Adhesion Test, Verein Deutscher Ingenieure (VDI) Richlinie 3198, (1992) 7.
11. Takikawa H., Kawakami N., Sakakibara T., Synthesis of a-axis-oriented AlN film by a shielded reactive vacuum 

arc deposition method, Surf. Coat. Technol. 120-121 (1999) 383–38.
12. Fox-Rabinovich G.S., Yamamoto K., Kovalev A.I., Veldhuis S.C., Ning L., Shuster L.S., Elfizy A., Wear behavior 

of adaptive nano-multilayered TiAlCrN/ NbN coatings under dry high performance machining conditions, Surf. 
Coat. Technol. 202 (2008) 2015–2022.

13. Antonov M., Hussainova I., Sergejev F., Kulu P., Gregor A., Assessment of gradient and nanogradient PVD 
coatings behaviour under erosive, abrasive and impact wear conditions, Wear 267 (2009) 898–906.


