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Josef Daniel 1,* , Radek Žemlička 2, Mostafa Alishahi 3,4, Pavla Karvánková 2, Pavel Souček 4, Daniel Karpinski 2,
Tomáš Fořt 1 , Hamid Bolvardi 2, Andreas Lümkemann 2 and Petr Vašina 4

1 Institute of Scientific Instruments of the Czech Academy of Sciences, Královopolská 147,
CZ-61264 Brno, Czech Republic

2 Platit AG, Eichholzstrasse 9, CH-2545 Selzach, Switzerland
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Abstract: AlCrN coatings, which are characterized by high hardness and good wear resistance, are
often used for drilling, milling, and punching tools. Therefore, the study of the behaviour of these
coatings under cyclic impact loading is essential for their optimization. Our previous work has
focused on the study of the composition and microstructure of AlCrN coatings prepared using a
cathodic arc deposition system with a SCIL® controller that controls the average ion energy per
deposited atom (Ed). Two sets of coatings were prepared in two different modes, with a metal target
and with a poisoned target. The chemical compositions of the coatings were very similar regardless
of their deposition conditions, but the structure and mechanical properties of the coatings depended
strongly on Ed. The present work focused on the scratch adhesion and impact wear of these two sets
of AlCrN coatings. The lifetimes of both sets of samples under repeated dynamic impacts were tested
using a dynamic impact tester with a WC-Co ball. It was shown that the impact behaviour of the
coatings prepared in the metallic regime does not depend on the deposition conditions. However, the
impact behaviour of the coatings deposited in poisoned mode was improved by increasing Ed.

Keywords: PVD coatings; AlCrN coating; impact wear; adhesion; impact testing; scratch testing

1. Introduction

Metal nitride coatings deposited by physical vapor deposition (PVD) are often used
in industry due to their improved mechanical and tribological properties, which lead to
reduced wear and increased lifetimes of various industrial tools and components [1–8].
Some of these PVD-coated tools are subjected to cyclic dynamic or impact loading during
industrial use [1,2]. The cyclic nature and dynamics of these stresses can significantly affect
the lifetime of such tools [3,4]. Therefore, it is desirable to study the fatigue of PVD coatings
under cyclic dynamic loading [9–13].

AlCrN protective coatings are widely used in manufacturing and machining op-
erations with cyclic impacts or dynamic loads, namely drilling, milling, cutting, and
punching [14–17]. Due to the wide range of applications, AlCrN coatings have been the
subject of intense research in recent years. Their properties that are favourable for practical
applications such as high hardness [18], high thermal stability and oxidation resistance [16],
abrasion resistance [19], and low coefficient of friction [20] have been studied. These
mechanical and tribological properties of the AlCrN system are strongly dependent on
the chemical composition and microstructure [21,22], which are related to the sputtering
conditions, such as a substrate bias [23], ion flux ratio during deposition [14,24], or the
nitrogen content in the case of the reactive sputtering [25]. Currently, the improvement
of AlCrN coatings is mainly focused on tuning the coating structure, such as through
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alloying [8,26,27], multilayer systems [8,20,28], and gradient coatings [29,30]. Other ways
to improve the properties of AlCrN include modifying the substrate properties, such as by
nitriding [31,32], or modifying and tuning the coating deposition process [8,33].

Improving the properties of the AlCrN coating using a novel approach to its depo-
sition was the goal of our previous study [14]. Zemlicka et al. presented two series of
AlCrN coatings sputtered using the SCIL® cathodic arc discharge technology introduced
by PLATIT AG [14]. This technology enables control of plasma ionization during the
deposition process and thus control of the coating’s microstructure and some mechanical
properties. The coatings were sputtered in two modes, the metallic (M-coatings) and the
poisoned (compound mode; C-coatings), and were described by the average ion energy
per deposited atom Ed and the ion-deposition flux ratio (Ji/Jd). It was shown that different
sputtered conditions in both regimes resulted in different microstructures; the C-coatings
exhibited a cubic structure similar to NaCl, while the M-coatings exhibited a hexagonal
structure or a mixture of hexagonal and cubic structures. However, the chemical composi-
tion of the M-coatings and C-coatings were almost the same: Al35Cr17N49 and Al33Cr16N51,
respectively. The effective elastic modulus of all coatings depended strongly on the struc-
ture, but no dependence on Ed was observed. In contrast, the hardness of the coatings
showed a strong dependence on Ed. Moreover, cutting tests showed that the tool life of
AlCrN-coated end-milling tools under real working conditions increased with increasing
Ed, i.e., with increasing degree of plasma ionization by SCIL® technology (PLATIT AG,
Selzach, Switzerland). Further information and a detailed discussion can be found in [14].

Although AlCrN coating is commonly used as a protective coating for tools exposed
to cyclic dynamic loading, there are only a few comprehensive studies addressing this
type of loading [34]. Some studies only partially address impact loading, e.g., comparing
cratering after a certain number of impacts [33], the effect of temperature [17], or the effect
of substrate nitriding [32]. The aim of the present study is to analyse the lifetime of two sets
of AlCrN coatings with different microstructures and mechanical properties under cyclic
dynamic loading, as described in [14]. The impact lifetime is complemented by a study of
the scratch adhesion of AlCrN coatings. The data obtained from the scratch test and the
dynamic impact test are discussed in relation to the chemical composition of the coatings,
their microstructure, and mechanical properties.

2. Experimental Procedure
2.1. Sample Preparation

The AlCrN coatings were prepared using an industrial PVD sputtering unit Pi411
(PLATIT AG, Selzach, Switzerland), equipped with technology SCIL® (Sputter Coatings
Induced by Lateral glow discharge LGD®). This new generation of IPVD systems was
introduced by PLATIT AG [35]. The sputtering unit consists of three lateral arc cathodes
and one central magnetron sputtering cathode, which is used for the coating deposition.
The secondary discharge (LGD) is concurrently ignited between two lateral arc cathodes
One of them is supplied by a special source of positive voltage (LGD®) to act as an anode
electrode. The second one is connected to the negative terminal and acted as a typical arc
cathode. Using this technology, it is possible to control the ion density in the sputtering
plasma and subsequently, using the LGD current between two arc cathodes, to tune the
ion-deposition flux ratio. Increasing the LGD current made it possible to enhance the
current between the arc cathodes and thus increase the ionization efficiency and ion flux
from the sputtering cathode. The material evaporated from the arc cathodes was driven
towards the door during deposition to prevent deposition on the substrates [14].

A triangular cemented tungsten carbide (WC-Co) and cylindrical high-speed steel
(HSS) were used as a substrate. The chamber was preheated to 450 ◦C to get base pressure
in the order of 10−4 Pa. All the coated samples were ion-etched before the deposition
process. Then, the samples were prepared by sputtering the central rotating cylindrical
magnetron cathode equipped with the Al70Cr30 target in an argon/nitrogen mixture. The
argon partial pressure was set to 0.5 Pa. The nitrogen to total working pressure ratios
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in percentages ([pN2/pT] × 100) for the M-coatings and C-coatings were 11% and 35%,
respectively. The coating deposition time was constant for both series at 95 min. The
deposition process, deposition parameters tuning, and sputter unit are described in detail
in [14].

The chemical composition of the samples was evaluated using TESCAN MIRA 3 scanning
electron microscope with an EDS detector. The microstructure of the samples was investi-
gated using X-ray diffraction radiation source CuKα (λ = 1541 Å); diffractometer Rigaku
SmartLab was set to the grazing angle of incidence XRD (GIXRD) setup. The mechanical
properties, universal plastic hardness (HUpl) and effective Young’s modulus (Eeff), were
determined from the loading and unloading curves measured using a nano-hardness tester
(Fisher Picoindentor HM500), with a Vickers diamond indenter at loads of 20, 30, and
50 mN. The maximum indentation depth was below 10% of the film thickness. For more
information, the reader can refer to the previous article [14].

2.2. Scratch Test

The adhesion of the AlCrN coatings to the WC-Co substrate was analysed using
a scratch test. The scratch test was realized by Revetest Xpress from CSM instruments
(Peseux, Switzerland). The tester was equipped with a Rockwell diamond indenter. Every
sample was applied progressive scratches from loading in the range from 1 N up to 100 N.
Values LC1, LC2, and LC3 according to the standard ASTM C1624-05 [36] were evaluated
using an optical microscope. The value LC1 denotes the load related to the first cracking,
the value LC2 is the load related to the beginning of periodic failure points through the
track, and the value LC3 is the load where complete failure and delamination of the coating
starts. The scratch paths were studied and depicted using a laser confocal microscope
KEYENCE VK-X 1100 (Osaka, Japan).

2.3. Dynamic Impact Test

Dynamic impact tests were performed on a tester developed at ISI CAS, Brno, Czech
Republic. The electromagnetically driven dynamic impact tester worked with a repeating
frequency of 8 Hz. The cemented tungsten carbide ball with a 5 mm diameter and surface
roughness <14 nm (according to ISO 3290-1; precision grade 5) was used as an impact ball.
Before every test, the impact ball was set to the unworn side. For each test, a constant lift of
the impact ball was set. Every test was repeated three times to eliminate errors caused by
random material defects.

For testing of the AlCrN coatings, we used impact loads of 200 N and 400 N, which
corresponded to 6.98 mJ per impact and 11.46 mJ per impact, respectively. The loads were
chosen so that the entire coating + substrate system was tested, and the loads were close to
the actual loads used in the engineering industry. Pictures, diameters, and depths of the
residual craters were obtained using a laser confocal microscope KEYENCE VK-X 1100.
Cross-sections of the impacted samples were studied using a scanning electron microscope
TESCAN MIRA 3 (Brno, Czech Republic). The volume of the impact craters was calculated
as a volume of a rotational paraboloid with the impact crater depth and diameter [10].

The behaviour of the system AlCrN coating/WC-Co substrate under the dynamic
impact loading was studied mainly using the impact crater parameters such as impact
crater depth (and its comparison with the coating thickness), impact crater volume, and
impact crater morphology (cracking and delamination on the impact crater bottom). The
dynamic impact lifetime, a critical number of impacts NC, was obtained from Engel’s
model as a transition between zone II and zone III [11]. According to this model, the
dependence of the impact crater volume VC on the number of impacts can be divided into
three zones [11,37]:

• Zone I: With the first impacts, the VC increases mainly due to the substrate plastic
deformation [38], whereas the coating is elastically stressed [13]. As the extent of
plastic deformation increases after every successive impact, the contact pressure
rapidly decreases because of the increasing contact area between the impact ball and
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sample. If the coating cannot follow the strain induced by substrate deformation, the
cracks are initiated to reduce stress [39].

• Zone II: When the contact pressure decreases to the substrate yield point, the plastic
deformation of the substrate is suppressed and the system transits into zone II, the
“zero impact wear” stage [11]. The VC remains almost constant with increasing
impact cycles [11,38]. In this zone, the contact pressure is almost stable, and the
cyclic impact loads provide the stress necessary for crack nucleation, propagation, and
coalescence [40]. Accordingly, the edge cracks initiate from the coating surface and
propagate downwards towards the interface, while the lateral cracks initiate at the
substrate/coating interface and propagate upward into the coating [38,40].

• Zone III: After the zero-impact wear stage, the coating/substrate system cannot accu-
mulate more energy received from an impact indenter; hence the system transits into
zone III. In this stage, the cohesive failure of the film and/or adhesive failure at the
interface occurs, and the VC increases rapidly with increasing impact cycles [38].

Impact lifetime, the critical number of impacts NC, was evaluated as a transition
between zone II and zone III. If this transition is uncertain, the NC is specified using
the study of the impact crater profiles and microphotographs (delamination) or by other
dependencies of the impact crater parameters on the number of impact cycles [37].

3. Results and Discussion
3.1. Coating Structure and Mechanical Properties

This sub-chapter will summarize the main conclusions from our previous work about
the connection between deposition parameters, coating structure, and mechanical proper-
ties of the studied AlCrN coatings [14]. For a detailed description of the deposition process
characterization and the coating structure and mechanical properties evaluation, please see
ref. [14].

Two series of AlCrN coatings were deposited by an industrial magnetron sputtering
system with the device for regulation of plasma ionisation, SCIL® technology. The coatings
were prepared with the well-known average ion energy per deposited atom (Ed) ranging
from 0.15 to 1.17 keV/atom and its components, ion energy Ei and ion-deposition flux ratio
(Ji/Jd) ranging from ~3 to ~12. It was shown that the coating deposited in the metallic mode
(M-coatings) with a lower Ji/Jd ratio and lower Ed exhibited a wurtzite hexagonal structure
(h-AlN). The coatings deposited in the poisoned mode (C-coatings) with a lower deposition
flux and thus higher Ji/Jd ratio showed a NaCl-type cubic structure (c-(Al,Cr)N). A study
of the cross-section of the coatings revealed that an increase of the Ed led to densification of
both hexagonal and cubic structures. All the studied coatings exhibited almost the same
chemical composition, regardless of their deposition conditions [14]. This observation was
in contrary to another metal–chromium-based coating, Ti-Cr-O, which showed changes in
chemical composition in the metallic and compound regimes [41].

The effective elastic modulus of the coatings was strongly structure-dependent; how-
ever, no dependency on the Ed was observed. The E modulus of the M-coatings was
~300 GPa, while the modulus of C-coatings was ~480 GPa. On the other hand, the hardness
and residual macro-stress of the coatings were strongly linearly dependent on the Ed,
regardless of the structure of the coatings. Here, the high-energy Ed causes the coating
densification and the formation of lattice defects, which causes increase of the residual
stress, as well as compressive stress hardening.

For both scratch adhesion analysis and dynamic impact testing, three AlCrN coatings
were chosen from each set. Table 1 summarizes the mechanical properties, structure, and
thickness of those chosen coatings. All the properties are from ref. [14]; only those important
for later discussion were selected.

3.2. Adhesion

Scratch adhesion generally depends on the thickness of the tested coating and on
the coating’s hardness [42,43]. The AlCrN M-coatings exhibited thicknesses in the range



Coatings 2023, 13, 515 5 of 14

of 5.1–5.4 µm. On the other hand, the C-coatings exhibited a thickness of 2.6–2.7 µm.
Thus, the scratch adhesion will be discussed separately for the M-coatings’ case and for
the C-coatings.

Table 1. Structure, thickness, and mechanical properties of the AlCrN coatings. Ed denotes average
ion energy per deposited atom, HUpl is universal plastic hardness, and Eeff is effective Young’s modu-
lus. The letters “h” and “c” refer to the hexagonal h-AlN and cubic c-(Al,Cr)N phases, respectively.

Coating Ed (keV/Atom) Structure Thickness (µm) HUpl (GPa) Eeff (GPa) Stress (GPa)

M1 0.15 h 5.4 18.3 ± 0.3 301 ± 29 −0.53
M3 0.34 h + c 5.0 23.4 ± 0.3 297 ± 12 −1.32
M4 0.56 h + c 5.1 29.2 ± 1.0 313 ± 10 −2.13
C1 0.32 c 2.7 24.1 ± 1.8 456 ± 20 −1.14
C2 0.52 c 2.7 28.7 ± 1.1 483 ± 30 −1.40
C4 1.17 c 2.6 38.7 ± 1.3 479 ± 26 −2.61

The scratch paths of the M-coatings are compared in Figure 1. All the M-coatings
exhibited chipping failure mode [42–44]. As one can see, none of the M-coatings exhibited
cracking. Thus, the LC1 value was not measured for any of the coatings. The best scratch
adhesion connected with the LC2 value of 63.5 N exhibited by the M1 coating. On the other
hand, the coating M4 exhibited the lowest value of LC2, 40.4 N. Since no complete coating
failure was observed to be connected with delamination, the value of LC3 was higher than
100 N for each of the M-coatings. Adhesion values LC1, LC2, and LC3 of the M-coatings are
summarized in Table 2.

Coatings 2023, 13, x FOR PEER REVIEW 6 of 15 
 

 

 
Figure 1. Scratch paths of the M-coatings. In the picture, just final parts of the paths are compared; 
the paths are incommensurable in this picture. 

 
Figure 2. Scratch paths of the C-coatings. In the picture, just final parts of the paths are compared; 
the paths are incommensurable in this picture. 

Bull connected scratch test failure modes with the coatings and substrate hardness 
[44]. In the case of the same coating thickness and hard substrate, chipping failure mode 
is characteristic for coatings with higher hardness than the coatings that exhibit buckling 
failure mode [44]. On the other hand, C-coatings exhibited hardness that was the same or 
slightly higher than the M-coatings. Thus, the reasons for different failure modes could be 
(1) different thicknesses between C and M-coatings; (2) a huge difference between the Eeff 
modulus of the WC-Co substrate (~500 GPa) and M-coatings (~300 GPa), while C-coatings 
(~480 GPa) have a similar Eeff to WC-Co; and/or (3) different structures—the M-coatings 
are more brittle due to their dominant hexagonal structure (covalent + ionic bonding be-
tween atoms) than the C-coatings with a dominant cubic structure (covalent + metallic 
bonding between atoms). 

Table 3. Summary of the scratch adhesion values evaluated for the C-coatings. 

Sample LC1 [N] LC2 [N] LC3 [N] 
C1 82.2 83.8 >100 
C2 - 45.0 >100 
C4 - 58.4 >100 

The case apart from the rest was coating C1 with considerably better adhesion than 
the other coatings. Burnett et al. showed that coatings with lower hardness and higher 
residual stress exhibit higher adhesion than coatings with the same composition, struc-
ture, and thickness [42]. As was shown in sub-chapter 3.1., this is the case of the C1 coat-
ing.  

Adhesion of the coatings expressed as a critical force in the scratch test depends on 
many factors, including the material of the substrate. Thus, comparisons of scratch adhe-
sion data with the literature are limited because most authors have studied the scratch 
adhesion of AlCrN coatings on various types of steel substrates [31,32,45]. In addition, 
scratch adhesion depends on the mechanical properties of the coating, namely, its micro-
structure and chemical composition [8]. For example, Polcar et al. determined the scratch 
adhesion of a Cr-Al-N coating deposited by cathodic arc on a WC/Co substrate as LC2 = 70 
N [46]; the coating exhibited a similar microstructure and thickness to our C2 coating (LC2 
= 45 N), but the higher amount of Cr and lower amount of metal phase in Polcar’s coating 
likely resulted in a different hardness and modulus, and thus a different adhesion, than 

Figure 1. Scratch paths of the M-coatings. In the picture, just final parts of the paths are compared;
the paths are incommensurable in this picture.

Table 2. Summary of the scratch adhesion values evaluated for the M-coatings.

Sample LC1 [N] LC2 [N] LC3 [N]

M1 - 63.5 >100
M3 - 56.6 >100
M4 - 40.4 >100

The scratch paths of the C-coatings are compared in Figure 2. The scratch path of
the C1 coating showed cracking in front of the scratch path. This was probably caused
by the buckling failure mode [43]. The first cracks emerged at the load of 82.2 N (not
clearly visible in Figure 2), and the failure connected with the LC2 came at 83.8 N. The
C2 and C4 coatings exhibited a combination of the buckling and chipping scratch failure
modes [42–44]. Neither coating exhibited cracking and failure related to the LC2 loads at
58.4 N (C4) and 45.0 N (C2). Adhesion values LC1, LC2, and LC3 of the M-coatings are
summarized in Table 3.

Bull connected scratch test failure modes with the coatings and substrate hardness [44].
In the case of the same coating thickness and hard substrate, chipping failure mode is
characteristic for coatings with higher hardness than the coatings that exhibit buckling
failure mode [44]. On the other hand, C-coatings exhibited hardness that was the same or
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slightly higher than the M-coatings. Thus, the reasons for different failure modes could
be (1) different thicknesses between C and M-coatings; (2) a huge difference between
the Eeff modulus of the WC-Co substrate (~500 GPa) and M-coatings (~300 GPa), while
C-coatings (~480 GPa) have a similar Eeff to WC-Co; and/or (3) different structures—the
M-coatings are more brittle due to their dominant hexagonal structure (covalent + ionic
bonding between atoms) than the C-coatings with a dominant cubic structure (covalent +
metallic bonding between atoms).
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Table 3. Summary of the scratch adhesion values evaluated for the C-coatings.

Sample LC1 [N] LC2 [N] LC3 [N]

C1 82.2 83.8 >100
C2 - 45.0 >100
C4 - 58.4 >100

The case apart from the rest was coating C1 with considerably better adhesion than
the other coatings. Burnett et al. showed that coatings with lower hardness and higher
residual stress exhibit higher adhesion than coatings with the same composition, structure,
and thickness [42]. As was shown in sub-chapter 3.1., this is the case of the C1 coating.

Adhesion of the coatings expressed as a critical force in the scratch test depends on
many factors, including the material of the substrate. Thus, comparisons of scratch adhesion
data with the literature are limited because most authors have studied the scratch adhesion
of AlCrN coatings on various types of steel substrates [31,32,45]. In addition, scratch
adhesion depends on the mechanical properties of the coating, namely, its microstructure
and chemical composition [8]. For example, Polcar et al. determined the scratch adhesion
of a Cr-Al-N coating deposited by cathodic arc on a WC/Co substrate as LC2 = 70 N [46];
the coating exhibited a similar microstructure and thickness to our C2 coating (LC2 = 45 N),
but the higher amount of Cr and lower amount of metal phase in Polcar’s coating likely
resulted in a different hardness and modulus, and thus a different adhesion, than in our
case. Wang et al. investigated a coating with a similar microstructure to our M3 coating
and determined its LC2 to be 44 N [47]; the difference in adhesion (LC2(M3) = 56.6 N) may
be due to the lower amount of metal phase in our coating.

3.3. Dynamic Impact Resistance

The actual loading curves of the selected AlCrN coatings at applied impact loads
of 200 N and 400 N are shown in Figure 3. The transition between zone I and zone II is
not clearly visible in all curves. However, after reaching a critical number of impacts, the
volume of the impact craters increased rapidly, and the loading curve reached zone III.
The NC values were calculated from the loading curves and plotted in Figure 4a. For each
impact load, the M-coatings exhibited an identical loading curve and subsequently similar
NC value regardless of their deposition condition, indicating similar impact resistance.
However, the C-coatings showed different impact resistance depending on their deposition
conditions. Accordingly, the coatings deposited with higher Ed exhibited higher NC values
and better impact resistance.
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The measured crater volume after 105 loading cycles for selected coatings at different
impact loads is shown in Figure 4b. These values were used as another measure for
evaluating the impact resistance of coatings. This figure indicates that the VC after 105 cycles
in M-coatings was almost independent of Ed, while increasing Ed led to an enhancement
in the impact resistance of C-coatings. This result is in good agreement with the obtained
result from the NC parameter.

In addition, Figure 5 shows optical microphotographs corresponding to the residual
impact impression after 105 loading cycles at various force amplitudes for selected AlCrN
coatings. For the M-coatings, no severe damages such as delamination, cohesive peeling,
or adhesion peeling were observed at both applied impact loads, indicating good impact
resistance of the coatings. In this case, the residual imprint was developed because of the
permanent substrate plastic deformation, whereas the coating deforms purely elastically
and fully recovers by the end of each load cycle [12].

However, the impact behaviour of C-coatings depended on the deposition conditions.
Accordingly, the C1 coating applied at a low Ed showed the worst impact resistance and
severe cracking occurred at both applied forces. The impact resistance of the coatings was
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improved by increasing Ed, the extent of spalling significantly decreased in the C2 coating,
and finally, the C4 coating deposited at the highest Ed exhibited an imprint with no sign
of severe failure comparable to the M-coatings. These results can be explained by the role
of H/E and H3/E2 parameters in the impact resistance of coatings. The H/E parameter
is related to the wear resistance [37], while H3/E2 is often associated with resistance to
the plastic deformation [48] or fracture resistance [49] of materials. As shown in Figure 4,
an increase in the impact resistance of C-coatings can be well-correlated with an increase
in both the H/E and H3/E2 parameters. Beake et al. [50] showed that increasing the
H3/E2 parameters improves the impact resistance of AlTiN coatings by providing better
load support.
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In addition, the different impact behaviour of M-coatings compared to C-coatings can
be related to the difference in their thicknesses. Accordingly, a sufficiently thick coating
acts as a physical barrier and protects the substrate from impact loading, whereas a thin
coating transfers the stress field generated by the impact to the substrate, leading to large
plastic deformation of the substrate. Hard and often brittle coatings cannot accommodate
the resulting plastic deformation; therefore, a network of cracks is formed, which reduces
the stress in the coating and can lead to failure [39].

To gain further insight, Figure 6 shows the transverse profiles of the impact craters
after 103, 104, and 105 loading cycles at both impact loads. The dashed grey line indicates
the coating surface and the coating/substrate interface. At a constant impact loading, the
depth of the impact craters after 103 loading cycles is the same for all coatings, indicating
the existence of identical plastic deformation in their substrates. However, the amount of
induced strain in the coatings is inversely related to the coating thickness. As mentioned
earlier, by increasing the impact cycles (to 104 and 105 cycles), the crack propagation and
coalescence can lead to cracking and severe coating failure. Accordingly, a higher fracture
resistance (H3/E2) could inhibit crack propagation, leading to a longer coating lifetime.
Consequently, the combination of higher H3/E2 and greater thickness is advantageous to
provide greater load support, leading to higher NC and better impact resistance.
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A scanning electron microscope image of a cross-section of sample M1 is shown in
Figure 7. The depicted impact crater was created by 104 impact cycles with an impact load
of 400 N. The entire impact crater is shown in Figure 7a. The depth of the depicted crater
was ~15 µm and the thickness of the M1 coating can be estimated to be approximately
5 µm from Figure 7b. Figure 7c shows the plastically deformed WC-Co substrate and the
deformed coating. The rim of the impact crater is shown in detail in Figure 7d. Figure 7d
is only schematically indicated in Figure 7a; Figure 7d was taken from a different cross-
sectional view. The thickness of the observed coating decreased towards the crater rim,
where the stresses are most intense during impact tests [51,52]. This stress caused both
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microcracks and delamination at the impact crater rim, which can be seen in some impact
craters in Figure 5.
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In this study, the C-coatings experienced much more strain and therefore exhibited
more cracks compared to the M-coatings. This may explain the failure of the C1 and
C2 coatings before 105 cycles (Figures 5 and 6). However, the C4 coating exhibited a
high impact resistance, as did the M-coatings, as it had the highest H3/E2 value despite
having the smallest thickness. In addition, the M-coatings with higher thickness exhibited
low deformation due to their high thickness (approximately twice the thickness of the
C-coatings) and approximately 10% higher H/E ratio, thus having better wear resistance. It
appears that 105 load cycles, even at the impact force of 400 N, were not sufficient to cause
significant failure in the M-coatings and may have only increased the crack density in the
coatings. The observed differences in the crater depths of the M-coatings can be attributed
to differences in their adhesion strength, as they exhibited chipping failure during the
scratch test. Accordingly, the critical load (LC2), i.e., the value of the scratch load when a
coating fails, was measured to be 63.5 N, 56.6 N, and 40.4 N for the M-coatings, respectively.

4. Conclusions

Two sets of the AlCrN coatings were sputtered by an industrial magnetron sputtering
system with control of the plasma ionization using the technology SCIL® (Sputter Coatings
Induced by Lateral Glow Discharge).

Each set of coatings was deposited in a different reactive mode, metallic (M-coatings)
and poisoned (C-coatings), and the average ion energy per deposited atom Ed resulted in
different dominant structures—h-AlN and c-Cr(Al)N, respectively. The adhesion of the
coatings to the WC-Co substrate was measured by laboratory scratch test, and a dynamic
impact tester with impact loads of 200 N and 400 N was used for testing the coating’s
dynamic impact resistance. The results can be summarized in these points:
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- The M-coatings exhibited chipping scratch failure mode, typical for hard coating on
the hard substrate. The C-coatings exhibited chipping/buckling scratch failure mode,
probably due to their lower thickness.

- The best adhesion was exhibited by the C-coating with the dominant c-Cr(Al)N phase,
the lowest hardness, and the lowest compressive residual stress.

- The critical number of impacts for the M-coatings was the same, independent of the
deposition parameters. The critical load of the C-coatings strongly depended on Ed.

- The C-coatings deposited with higher Ed exhibited a higher critical number of impacts
and better impact resistance.

- Since both series have the same H3/E2 ratio, the better impact resistance of the M-
coatings was probably caused by the effects of thickness and wear resistance. The
M-coatings exhibited an H/E ratio approximately 10% higher than the C-coatings
and thus had better wear resistance. In addition, they were approximately two times
thicker, so they better-protected the substrate from plastic deformation.
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