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A B S T R A C T

In plastic processing, the use of sensor thin films is gaining interest for inline measurement to ensure stable 
process control. However, due to the corrosive and abrasive characteristics of molten plastics, the application of 
an appropriate protective coating becomes imperative to ensure the functionality of the sensor films. AlCrON 
thin films demonstrate favorable protective attributes for this purpose. The tribo-mechanical and electrical 
properties are inherently influenced by the oxygen content. Therefore, a systematic variation of O2 gas flow rates 
(10 to 30 sccm in steps of five) during the mid-frequency magnetron sputtering process was employed resulting 
in the O contents rise from 12.2 at.-% for 10 mln O2 to 57.6 at.-% for 30 mln O2. Simultaneously, a change of a 
polycrystalline structure containing CrN, Cr2N, and hexagonal AlN to an amorphous structure with increasing O 
content for AlCrON is observed. This affects the tribo-mechanical properties. The highest polycrystallinity was 
reached at 25.2 at.-% O resulting in a H/E maximum, with a maximum in hardness of (37.6 ± 2.8) GPa and an 
elastic modulus of (361.2 ± 20.7) GPa. Here, also the lowest coefficient of friction (CoF) at elevated tempera
tures was reached with 0.43 against polypropylene (PP) and 0.23 against polyamide (PA). The low CoF correlates 
with a lower wetting ability of the AlCrON thin film. Regarding the electrical properties AlCrON thin films show 
insulating characteristics dependent on the O content. The electrical resistance increases with higher O content 
due to a change into a more ionic structure.

The results show that AlCrON thin films offer promising protective qualities for sensor applications in plastic 
processing. By adjusting the oxygen content, their tribo-mechanical properties can be optimized for reduced 
friction and enhanced durability, while their insulating properties are promising for maintaining the function
ality of the sensors.

1. Introduction

Material extrusion or fused layer modeling (FLM) is experiencing an 
increasing demand across industrial, private, and semi-professional 
applications. Despite being a well-established additive manufacturing 
technology in rapid prototyping and recognized as one of the most cost- 
efficient processes it comes with notable shortcomings in the quality and 
strength of produced components [1,2]. The FLM process in particular is 
affected by unsteady processing pressures and temperatures within the 
extruder, which cannot be calculated, measured, or precisely simulated 
[1,3,4]. As a consequence, the market for products manufactured using 
FLM processes is limited to those with low demands on strength and 

tolerance, such as demonstration objects and prototypes, despite the 
enormous potential of the processes in terms of their economic viability 
[1,5]. To counteract these difficulties, sensor thin films are gaining 
increasing interest in research with different approaches to measuring 
temperature and pressure [6–8]. Additionally, to enhance the mechan
ical properties of the produced parts themselves fillers can be used 
[9,10]. Overall, in the processing of synthetic polymers like filaments, 
the tools and therefore the sensors are exposed to elevated temperatures, 
high mechanical loads, and corrosive media while withstanding varying 
levels of tribological stress, depending on the used filler material and 
amount [9,11]. For this purpose, thin films deposited by physical vapor 
deposition (PVD) techniques like magnetron sputtering are suitable. The 
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low thicknesses allow a close-to-couture application even on small and 
complex geometries [12]. Some promising thin films come into account 
as protective layers against wear, oxidation, and corrosion for substrates 
and sensors [13–15]. PVD-deposited CrN thin films show promising 
properties for plastic processing applications due to enhanced tribo- 
mechanical properties and higher resistance against corrosion [16,17]. 
CrN thin films and CrN-Ti multilayered systems were tested under 
plastic processing conditions. On the one hand, CrN demonstrated a two 
to three times increase in wear resistance than the CrN-Ti multilayer 
system, on the other hand, it exhibited a lower performance in chemi
cally aggressive environments compared to multilayered CrN-Ti [16]. 
To further augment the corrosion resistance of CrN, the system can be 
expanded by incorporating Al, resulting in CrAlN with increased hard
ness, enhanced oxidation resistance, and extended resistance against 
corrosion and wear [18–21]. Higher resistance against oxidation and 
wear at elevated temperatures and chemical inertness is promoted 
through the formation of passive oxide layers like Al2O3 and Cr2O3 
[22–24]. Therefore, AlCrON thin films have recently been investigated 
due to their excellent resistance to oxidation, thermal stability up to 
1000 ◦C, and favorable tribo-mechanical properties, which can be 
adjusted by the O content [25–28]. Several studies have explored the 
application of AlCrON thin films in plastic processing. Manz et al. 
analyzed the adhesion behavior of different synthetic polymers to 
AlCrON, comparing it with CrN and AlCrN. The study demonstrated that 
the incorporation of Al and O reduces the adhesion of melted plastic 
[29]. Contact angle measurements and pin-on-disc tests against poly
amide (PA), polycarbonate (PC), and polypropylene (PP) confirmed a 
decrease in wetting of the molten plastic and coefficient of friction (CoF) 
with higher O content within the AlCrON thin films [30,31]. Polymethyl 
methacrylate (PMMA) on the other hand exhibits the highest contact 
angle at lower O contents, correlating with low friction [32]. Therefore, 
the chemical composition needs to be adjusted to the specific plastic 
being processed. The hardness of the thin films is influenced by the Al 
and O content, with higher O leading to a decrease in hardness and 
higher Al increasing hardness [28,30]. Since the sensor thin films are 
powered by current, a certain degree of insulation of the top layer is 
necessary to prevent short circuits and ensure functionality. As there are 
hardly any studies on the electrical conductivity of AlCrON thin films, 
this aspect will also be addressed.

Therefore, AlCrON thin films with different O concentrations by 
varying the O2 reactive gas flow rate in a magnetron sputtering process 
were deposited. The effect on the tribo-mechanical properties against PP 
and PA as well as its electrical properties regarding using it as a pro
tective layer on sensor thin films for plastic processing applications was 
investigated.

2. Experimental details

2.1. Deposition setup

The AlCrON thin films were deposited using an industrial magnetron 
sputtering device CC800/9 Custom (CemeCon AG, Germany). Two 
Al–24Cr targets (397.5 cm2 Al with 24 × 1.77 cm2 Cr plugs along the 
sputtering track) (CemeCon AG, Germany) and one Cr target (Evochem 
Advanced Materials GmbH, Germany) were mounted on the magnetron 
cathodes (see Fig. 1). Hot-working steel (AISI H11) with a Rockwell C 
hardness 48 HRC and n-type Si(100) wafers served as substrate material 
and were ultrasonically cleaned for 15 min in ethanol. The deposition 
chamber was evacuated to a base pressure below 10 mPa. Before 
deposition, the substrates were etched by Ar+ ions at a pulsed bias 
voltage (BV) of Ub = − 650 V with a mid-frequency of f = 240 kHz for 30 
min. In the first deposition step, a metallic 200 nm Cr layer was sput
tered from the Cr target at a cathode power of Pc = 4 kW and a BV of 
− 100 V with a mid-frequency of f = 250 kHz in an Ar-regulated pressure 
of p = 375 mPa with an Ar gas flow rate of qAr = 300 sccm. A second 300 
nm CrN layer was applied by adding a N2 gas flow rate of qN2 = 100 sccm 

in a N2-regulated pressure of p = 375 mPa and an Ar gas flow rate of qAr 
= 100 sccm. The AlCrON layer were deposited for t = 9440 s by adding 
O2 with varying gas flow rates qO2 from 10 to 30 sccm in steps of five in 
an Ar-regulated pressure of p = 375 mPa with an Ar gas flow rate of qAr 
= 300 sccm and a N2 gas flow rate of qN2 = 100 sccm. The cathode power 
of the Al–24Cr targets was set to Pc = 2 kW and the pulsed BV was set to 
Ub = − 100 V with a mid-frequency of f = 250 kHz. The heating power 
was set to PH1 = 8 kW and PH2 = 5 kW, which corresponds to a heater 
temperature of approximately 720 ◦C and 750 ◦C, respectively. For 
reference, an AlCrN thin film was applied with the deposition parame
ters mentioned before, but without adding O2 to the process.

2.2. Characterization of the thin films

The chemical composition was quantitatively determined using an 
electron probe microanalyzer (EPMA) equipped with four wavelength- 
dispersive X-ray spectroscopy (WDS). The acceleration voltage was set 
to 10 keV at a beam current of 20 nA and the beam diameter to 5 μm. The 
counting times were 10 s for the peak and 5 s for the background signal. 
To analyze the crystalline phases of the multilayer systems X-ray 
diffraction (XRD) analysis was performed. Cu-Kα1 radiation with a 
wavelength of λ = 1.5406 Å and an x-ray polycapillary lens of 2 mm 
diameter were used. The locked-couple scan range 2θ was set from 35◦

to 70◦ with a scan step of Δ2θ = 0.034◦ and an exposure time of 1 s. The 
morphology and topography of the multilayer systems were analyzed by 
imaging scanning electron microscopy (SEM) in secondary electron 
mode. The hardness and elastic modulus of the thin films were deter
mined by nanoindentation with a Berkovich diamond tip working in 
continuous stiffness mode, as proposed by Oliver and Pharr [33]. The 
hardness and elastic modulus were evaluated up to 10 % of the film 
thickness to avoid influences of the substrate. A Poisson’s ratio of 0.30 
for AlCrN [34] and 0.25 for AlCrON [32] was considered for the 
calculation of the elastic modulus. The adhesion behavior of the AlCrN 
and AlCrON thin films on the hot-working steel was evaluated in 
Rockwell C indentation tests at scale A and a load of 588.4 N (60 kgf) 
according to the German standard DIN 4856:2018–02 [35]. The Rock
well C indents were examined by SEM as well as energy dispersive X-ray 
spectroscopy (EDS) and categorized into the adhesion strength classes 
(german Haftfestigkeit – HF) from HF1 (excellent adhesion) to HF6 (poor 
adhesion). From HF1 to HF4 the adhesion strength is rated as permis
sible and from HF5 to HF6 as impermissible. Additionally, scratch tests 
were performed using a Revetest (CSM Instruments SA, Switzerland) 
equipped with a Rockwell C diamond tip with a radius curvature of 200 
μm according to DIN EN ISO 20502:2016–11 [36]. The scratches were 
evaluated in SEM and EDS and the critical loads Lc2 and Lc3 were 
determined. At Lc2 adhesive failure by chipping of the thin film at the 
edge of the scratch track appears. Total failure of the thin film by 
complete exposure of the substrate occurs at Lc3. Tribological tests were 

Fig. 1. Magnetron sputtering set up for the deposition of AlCrN and AlCrON 
thin films deposited at different qO2 gas flow rates.
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carried out using a ball-on-disc high-temperature tribometer (CSM In
struments, Switzerland). Two common plastic materials, polypropylene 
(PP) and polyamide (PA), were chosen. The tests were carried out in the 
range of typical tool temperatures during injection molding which are 
60 ◦C (PP) and 85 ◦C (PA) [37,38]. These temperatures were also used in 
our previous study [39]. The plastic balls were sliding against the thin 
films each with a normal load of 5 N, a relative velocity of 10 cm/s, and a 
sliding distance of 100 m. The tangential force was measured by an 
inductive sensor, calculating the coefficient of friction (CoF) of the 
steady-state regime. According to Young, the wettability of the surfaces 
was determined by the contact angle measurements of water on the 
AlCrON surface. The contact angle is the angle between the tangent of 
the water droplet near the coating surface and the coating surface itself 
[40]. The electrical resistance of the AlCrON thin films was determined 
using a multimeter (Hameg, Germany). One electrode was contacted on 
the uncoated substrate underside and the other on the coated substrate 
top side. The current was measured under an applied test voltage from 2 
V to 20 V in steps of 2 in DC mode. The laboratory power supply 
(Peaktech, Germany) served as the voltage source for testing the 
dielectric strength of the AlCrON thin films. The samples were secured in 
an insulated sample holder, with electrical contacts made on both the 
uncoated and coated sides using cable lugs. The power supply unit al
lows continuous regulation of the applied voltage within a range of 
0 and 32 V. The applied voltage was successively increased from 0 V 
until a dielectric breakdown occurred, indicated by a measurable cur
rent flow between the electrodes, detected by the power supply.

3. Results and discussion

3.1. Chemical composition and structure of the AlCrON thin films

The chemical composition of the AlCrON thin films is listed in 
Table 1. Additionally, the change in the different elements content is 
illustrated in Fig. 2. The Al content of the AlCrON thin films shows a 
decrease with increasing O2 flow rate qO2 (see Fig. 2). For the AlCrN 
reference sample, the Al content is the highest at (34.65 ± 0.20) at.-% 
and declines from (32.00 ± 0.32) at.-% at qO2 = 10 sccm to (20.66 ±
0.16) at.-% for qO2 = 30 sccm. The Cr content remains nearly stable and 
decreases with a higher O2 flow rate qO2 from (19.34 ± 0.26) at.-% to 
(17.96 ± 0.20) at.-%. The N content behaves conversely to the 
increasing O content by reducing from (45.25 ± 0.31) at.-% for AlCrN to 
(2.66 ± 0.25) at.-% at an O2 gas flow rate of 30 sccm. Chen et al. 
explained that AlCrON forms a solid solution where the larger N atoms 
are replaced by the smaller O atoms leading to metal vacancies as 
explained by Najafi et al. [28,41]. At a qO2 = 15 sccm, the AlCrON thin 
film exhibits a nearly stochiometric metal-to-non-metal ratio (Al + Cr)/ 
(O + N) of 0.96. At this relatively low level of O2 gas flow rate, the O 
content increases rapidly until it reaches saturation at qO2 = 25 sccm 
with a ratio (Al + Cr)/(O + N) of nearly 2/3 (see Fig. 2). This can be 
attributed to the higher chemical reactivity, which is given by a higher 
negative Gibbs energy of Al and Cr toward O compared to N [42]. This 
indicates a N-doped oxide formation [43]. At this stoichiometric ratio of 
(Al + Cr)/(O + N) about 0.66 AlCrON is referred to as pure oxide 
[28,43]. With the increase of the O2 gas flow rate of the AlCrON thin 

films, the concentration of Ar rises from 0.38 to 1.16 at.-%.
The change in chemical composition affects the crystalline structure 

of the AlCrON thin films. Fig. 3 shows XRD patterns of the Cr-CrN- 
AlCrON multilayered thin films as well as the Cr-CrN-AlCrN reference 
and the AISI H11 substrate. For all thin films, the diffractions show 
Bragg reflections of the substrate material, which are assigned to α-Fe at 
44.8◦ and 65.2◦. The diffraction from the Cr interlayer at 44.6◦ and 64.9◦

overlap with the substrate diffraction.
The AlCrN reference shows a broad diffraction from 37.0◦ to 38.5◦. 

The broadening comes from the superposition of hexagonal Cr2N at 
37.4◦, which could also stem from the CrN layer, and cubic AlCrN at 
37.6◦ from the top layer. The Bragg diffraction around 40.4◦ and 42.8◦

can be identified as Cr2N. Under disregard of the pronounced substrate 
reflection, the AlCrN thin film shows a preferred orientation along the 
(111) plane at 37.6◦, which can be identified as cubic AlCrN. This is in 
agreement with the study of Najafi et al. where the AlCrN thin film 
presents a (111) cubic (Al,Cr)N orientation with additional (200) and 
(220) diffractions [28].

The addition of 10 sccm O2 gas flow into the deposition process re
sults in a reflection intensity reduction of the (111) AlCrN diffraction. 
With rising O content the crystallinity and/or crystal size changes [28]. 
The diffraction around the 37.5◦ angle and the broad diffraction around 
63.4◦ can be identified as AlCrN. For 15 sccm O2 gas flow rate, the in
tensity at the hexagonal (200) Cr2N angle increases and an additional 
broad reflection appears at 43.4◦ which can be identified as (002) Cr2N 
and (200) AlCrN. The investigation of the thermal stability of arc- 
evaporated AlCrN thin films shows the formation of hexagonal Cr2N 

Table 1 
Chemical composition of the AlCrN and AlCrON thin films deposited at different O2 gas flow rates qO2 obtained by EPMA

O2 flow rate qO2 [sccm] Chemical composition [at.-%] (Al + Cr)
(O + N)

O
(O + N)

Al
(Al + Cr)

Al Cr N O Ar

AlCrN – 34.65 ± 0.20 19.34 ± 0.26 45.25 ± 0.31 – 0.75 ± 0.02 1.19 0.00 0.64
AlCrON 10 32.00 ± 0.32 19.21 ± 0.26 36.25 ± 0.62 12.15 ± 0.24 0.38 ± 0.02 1.06 0.25 0.62

15 30.04 ± 0.55 18.60 ± 0.34 28.46 ± 0.64 22.21 ± 0 54 0.69 ± 0.04 0.96 0.44 0.62
20 25.26 ± 0.22 19.25 ± 0.11 15.63 ± 0.43 38.93 ± 0.23 0.93 ± 0.04 0.82 0.71 0.57
25 20.46 ± 0.21 18.73 ± 0.22 4.39 ± 0.06 55.34 ± 0.14 1.06 ± 0.05 0.66 0.93 0.52
30 20.66 ± 0.16 17.96 ± 0.20 2.66 ± 0.25 57.56 ± 0.18 1.16 ± 0.03 0.64 0.96 0.53

Fig. 2. Chemical composition of the AlCrN and AlCrON thin films deposited at 
different O2 gas flow rates, obtained by EMPA.
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phases due to the decrease of N [20,44]. This can be transferred to the 
AlCrON thin film deposited by qO2 = 15 sccm where O substitutes N 
atoms in the lattice so that fewer N atoms can react with Cr. What is 
noticeable is, that AlCrON with an O content of 22.2 at.-% exhibits a 
more pronounced (002) C2N reflection and is therefore expected to 
contain AlCrN and Cr2N phases. Additionally, a change of the prefer
ential growth changes toward (200) AlCrN. The formation of amorphous 
phases and changes in surface energy alternate the growth structure 
from (111) AlCrN for the AlCrN reference thin film to (200) AlCrN for 
AlCrON [25]. For 20 sccm O2 gas flow the (200) AlCrN and (200), (002) 
Cr2N Bragg reflections are decreasing as O further occupies N atoms 
positions. Indicating the transformation to an oxide thin film [28]. At 25 
sccm and 30 sccm O2 gas flow rate qO2 and regarding the chemical 
composition, amorphous aluminum oxide phases should be dominant 

resulting in a diffraction pattern emerging from the substrate and Cr/ 
CrN interlayer system as the AlCrON top layer changes to an x-ray 
amorphous structure. There are no hexagonal Cr2O3 phases detected. At 
25 sccm O2 flow rate, the O/(O + N) ratio reaches 0.93, and at 30 sccm 
0.96. Because of the higher Gibbs energy of Al2O3 with − 1582.3 kJ/mol 
in comparison to Cr2O3 with − 1058.1 kJ/mol, it is assumed that mainly 
amorphous Al2O3 with Cr crystallites are formed [45].

Fig. 4 shows the SEM micrographs of the microstructure on the 
AlCrN reference film and the AlCrON thin film systems. The CrN inter
layer grows in a typical columnar structure for all thin films as observed 
in previous studies [46,47]. With increasing O content, the columnar 
microstructure of the AlCrN and AlCrON thin film at qO2 = 10 sccm 
changes to a compact, amorphous-like morphology at qO2 = 20 sccm. 
Najafi et al. observed a similar alternation in the morphology of AlCrON 
thin films with increasing O contents. Specifying a weakly pronounced 
columnar microstructure for O content in a range of 0.6 < x ≤ 0.97 [28]. 
Here the columnar structure is already bearly visible at an O content of 
22.2 at.-%. Additionally, the thickness of the AlCrON top layer declines 
with higher O2 gas flow rates qO2 from (2.05 ± 0.03) μm for AlCrN to 
(1.06 ± 0.00) μm AlCrOn deposited at qO2 = 30 sccm (see Fig. 4). This is 
due to the well-known fact that with the introduction of a higher O2 gas 
flow into the deposition process, an increased target poisoning takes 
through oxidation, thereby reducing the sputtering rate and thus also 
the deposition rate of AlCrON [31,48]. For AlCrN, the topography ex
hibits a cauliflower-like structure which changes to a smoother surface 
with higher O contents due to the change to a glass-like and compact 
microstructure (see Fig. 4). The surface morphology is similar to the 
topography of AlCrON thin films in the study of Bagcivan et al. where a 
reduction in the surface roughness was observed with a higher O2 gas 
flow rates [32].

3.2. Mechanical properties of the AlCrON thin films

The change in the O concentration of the AlCrON thin films also 
affects the mechanical properties hardness H and elastic modulus E. A 
higher O content leads to a decrease in hardness H and elastic modulus E 
(see Fig. 5). The AlCrN reference reaches a hardness (H) of (33.9 ± 4.92) 
GPa and an elastic modulus (E) of (386.5 ± 36.3) GPa. The increase in 
the O2 gas flow rate to qO2 = 15 sccm and thus an O concentration of 
22.2 at.-% in the thin films results in a local hardness maximum of (37.7 
± 2.8) GPa, whereas the elastic modulus decreases to (350.6 ± 20.1) 
GPa. A similar effect was observed in the investigation of Fuentes et al. 
where the hardness of AlCrON thin films increases, while the elastic 
modulus decreases up to 30 at.-% O [49]. As the O concentration is 

Fig. 3. XRD patterns of the AISI H11 substrate, the AlCrN reference thin film, 
and the AlCrON thin films deposited at different O2 gas flow rates qO2.

Fig. 4. SEM micrographs of the microstructure including thin film thickness and the surface morphology of the AlCrN and AlCrON thin film system deposited at 
different O2 gas flow rates qO2/with different O contents.
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increased further, the hardness decreases and the elastic modulus rea
ches its minimum for qO2 = 25 sccm (O content 55.3 at.-%) with H =
(25.8 ± 2.8) GPa and E = (273.7 ± 18.9) GPa. For AlCrON with 57.6 at.- 
% O, an increase in H = (28.9 ± 2.1) GPa and E = (282.4 ± 36.3) GPa is 
observed. The hardness increase from qO2 = 0 sccm to qO2 = 15 sccm can 
be attributed to solid solution strengthening as Al and O dissolve in the 
CrN lattice, which was observed for low O contents up to 8.8 at.-% [50]. 
The decrease in hardness after qO2 = 15 sccm is the result of a change in 
the growth structure from nitridic to oxynitridic, where the oxynitridic 
structure exhibits a higher defect density and vacancies in the crystal 
lattice [28,51]. Additionally, a change from strong covalent to weaker 
ionic bonding takes place with higher O content which also contributes 

to a decrease in hardness and elastic modulus [52,53]. When the oxide 
lattice prevails the hardness and elastic modulus tend to increase again 
[27,28]. Consequently, the H/E and H3/E2 ratios follow a similar trend 
as the hardness (see Fig. 5). The elastic strain to failure (H/E) and the 
resistance against plastic deformation (H3/E2) [54] reach their local 
maxima for AlCrON with 22.2 at.-% O. The AlCrON thin film with 22.2 
at.-% O exhibits the highest hardness and H/E ratios due to its favorable 
oxynitridic polycrystalline structure with hard AlCrN and Cr2N phases 
(see Fig. 3).

3.3. Adhesion behavior of the AlCrON thin films

The adhesion behavior of the AlCrON thin films was determined with 
Rockwell C indentation test and scratch test. In Fig. 6 the indents are 
shown in secondary electron mode (SE) and an enlarged section addi
tionally in backscattered electron mode (BSE). The Rockwell C indents 
are classified in HF 2 to HF 3 and are therefore admissible [35]. The 
AlCrN reference shows radial cracks and occasional spalling at the 
indent edge and is therefore assigned to HF 2. With increasing O content, 
circumferential crack networks dominate indicating cohesive failure of 
the thin films [35]. Due to the expanding crack network from 22.2 at.-% 
O, the AlCrON thin films are ranked HF 3.

The critical loads Lc2 and Lc3 that result from the scratch test describe 
the adhesive failures of the thin film systems and are exemplary shown 
in Fig. 7. At Lc2 adhesive failure by chipping of the thin film at the edge 
of the scratch track appears. Total failure of the thin film by complete 
exposure of the substrate occurs at Lc3.

Apart from the thin film system with O content 38.9 at.-%, all sys
tems exhibit Lc3 values of >60 N (see Fig. 8) and correspond to the 
recommended lower limit for industrial applications [55]. For the crit
ical load Lc2 a decrease with increasing O concentration from (46.32 ±
2.64) N for AlCrN to (15.06 ± 1.66) N for AlCrON deposited at qO2 = 30 
sccm is observed (see Fig. 8). The critical loads Lc3 show a relatively 
constant trend with values between 66.23 and 67.44 N except for the 
drop between 12.2 and 55.3 at.-% O to (58.96 ± 1.27) N. When 
comparing the values of both critical loads, the drop is also evident for 
Lc2. Additionally, it is noticeable that the hardness H and H/E ratios 
follow opposite directions. Due to the change to an oxynitridic structure, 
higher residual stress can be expected because of the lattice distortion 
and a more brittle character which is evident in the Lc2 reduction 
[56,57].

Fig. 5. Hardness H, elastic modulus E, H/E, and H3/E2 of the AlCrN and 
AlCrON thin films deposited at different O2 gas flow rates qO2/with different 
O contents.

Fig. 6. SEM micrographs of the Rockwell indents of the AlCrN and AlCrON thin film system deposited at different O2 flow rates qO2/with different O contents.
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3.4. Tribological properties of AlCrON thin films

The tribological tests were carried out against two different common 
types of plastic PP and PA at operation temperatures of 60 ◦C and 80 ◦C, 
respectively. As the plastics can still melt, due to additional friction heat, 
the wettability of the thin film surfaces was also taken into account. No 
abrasive wear could be detected on the AlCrON thin films. Fig. 9 shows 
that the CoF μ against both plastics exhibit similar behavior. For PP 
against the uncoated AISI H11, μ = 0.49 ± 0.04 was measured, and for 
PA μ = 0.31 ± 0.01. Against PP AlCrON with 22.2 at.-% and 38.9 at.-% 
show an lowered CoF with μ = 0.43 ± 0.03 and μ = 0.46 ± 0.01. AlCrON 
deposited at qO2 = 25 sccm/55.3 at.-% O exhibits an increased CoF of μ 
= 0.53 ± 0.04 while the other thin film systems have similar CoF values 
like the uncoated steel of 0.49 to 0.50. Against PA only AlCrON with 
22.2 at.-% O reaches a decreased friction of μ = 0.23 ± 0.04. AlCrON 
with 38.9 at.-% O is close to AISI H11 with μ = 0.31 ± 0.01. The other 
thin films range from 0.36 to 0.58 above CoF of the uncoated steel.

Comparing the values of the contact angle Θc to the CoF μ shows a 
reverse trend. The AlCrON thin films with low friction, deposited at an 

O2 gas flow rate qO2 of 15 sccm and 20 sccm, also show the lowest 
wettability with a high contact angle of Θc = (114.9 ± 1.7)◦ and Θc =

(115.1 ± 0.3)◦. A lower wettability against water indicates a lower 
adherence to the coated surface and therefore a reduced CoF μ against 
molten plastics is expected. The study of Kruppe et al. where AlCrON 
showed a lower wetting ability compared to AlCrN explained that the 
contact angle is dependent on the chemical composition [31]. In Ti- 
doped ZrON thin films higher proportions of TiO2 increased the wetta
bility [58]. The fact that the friction-reducing effect is more pronounced 
against PP than against PA can be explained by the polarity of the 
plastics. PP is non-polar while PA is polar like water and exhibits 
therefore a lower adherence and lower CoF than PP.

3.5. Electrical properties of AlCrON thin films

As a protective coating, AlCrON requires insulation to ensure the 

Fig. 7. SEM micrographs of Lc2 and Lc3 of an exemplary scratch of AlCrON with thin film deposited at an O2 gas flow rate qO2 = 30 sccm.

Fig. 8. Critical loads Lc2 and Lc3 of the AlCrN and AlCrON thin film system 
deposited at different O2 flow rates qO2/with different O contents.

Fig. 9. Coefficient of friction (CoF) μ and wettability of the AlCrN and AlCrON 
thin films deposited at different O2 gas flow rates qO2/with different O contents.
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functionality of the sensor thin films and prevent short circuits. There
fore, the dielectric strength and the electrical resistance were deter
mined. The dielectric strength for the as-deposited AlCrON thin films 
shows a steep increase from 3 V for AlCrN to 32 V by adding 12.2 at.-% O 
(see Fig. 10a)). With a further rise in the O concentration, the dielectric 
strength decreases to 28 V. The reduction of the dielectric strength is 
related to the decrease of the layer thickness due to a reduced deposition 
rate with higher O2 gas flow rates. Normalized to the thin film thick
nesses, the dielectric strength shows an increase with higher O content 
(see Fig. 10a)).

The electrical resistance was measured with applied DC voltages 
from 2 V to 20 V (see Fig. 10b)). With higher O contents in the AlCrON 
thin film systems, an increased ionic bonding character is responsible for 
the rise of the electrical resistivity in the transition regime between the 
nitridic and oxidic thin films [59]. For the applied voltages, AlCrON 
behaves similarly with increasing O contents. The AlCrN reference has 
conductive characteristics and could therefore not be measured. The 
addition of O increases the electrical resistivity from 92,200 to 1.2 × 109 

Ω for 2 V and from 48,200 to 6.2 × 109 Ω for 20 V. Between the O 
concentration of 38.9 at.-% and 55.3 at.-%, where the oxide transition 
takes place, the values steeply rise. Higher O contents change the 
bonding structure within the AlCrON thin films to an ionic bonding type 
that favors a higher electrical resistivity [59,60]. A decreasing electrical 
conductivity here results from a higher ratio of ion bondings with 
increasing oxide concentration. Overall, a higher O content increases the 
insulation properties of the AlCrON thin films. The dielectric strength 
can additionally be adjusted by the thin film thickness. The resistance 
characteristic curves were also determined as a function of increasing 
voltage (see Fig. 11). The oxynitridic AlCrON thin films exhibit a non- 
ohmic behavior as the resistance curves are not linear. This means 
that the resistance decreases with increasing voltage. Whereas the oxidic 
AlCrON thin films tend to be linear and therefore the resistance behaves 
ohmic. The non-ohmic characteristic of the oxynitridic AlCrON thin 
films deposited at 10, 15, and 20 sccm O2 could result from a higher 
vacancy density as discussed above. A non-ohmic behavior was also 
observed for amorphous SiON films where the defect density due to O 
vacancies affected the electrical properties [61].

4. Conclusion and outlook

The increase of the O2 gas flow rate qO2 in the magnetron sputtering 

process increases the O content in AlCrON thin films and affects its 
properties. A change from nitridic to oxynitridic and with an O con
centration of 55.3 at.-% to a pure oxide structure is observed. The me
chanical properties correlate with the change in the phase composition. 
The AlCrON thin film with 22.2 at.-% O contains hard AlCrN and Cr2N 
phases and favors high hardness and H/E ratios. The transformation to a 
more oxide structure reduces the adhesion strength due to a more brittle 
character. By changing the chemical composition, the wettability of the 
surfaces changes and shows a correlation with the CoF against PP and 
PA. A higher hydrophobic behavior corresponds to a lower CoF due to a 
decreased attachment of plastic on the AlCrON thin films. The lowest 
CoF and lowest wettability was found for AlCrON with 22.2 at.-% O. 
Also the type of plastic, as here PP is non-polar and PA is polar, seems to 
influence the CoF. The dielectric strength and electrical resistivity in
crease with a higher O concentration that favors an ionic structure 
resulting in an insulating behavior. To summarize, adjusting the O 
content is crucial for tailoring the properties of AlCrON thin films to 
effectively serve as a protective top layer on sensor thin films in pro
cessing different types of plastic. Overviewing the obtained results, the 
AlCrON thin film deposited at an O2 gas flow rate of qO2 = 15 sccm with 
a 22.2 at.-% O concentration shows promising tribo-mechanical prop
erties as a protective top layer for sensor thin films in plastic processing 
of PP and PA. Subsequently, the AlCrON thin films will be applied as a 
protective top layer on sensor thin films and the performance of both the 
AlCrON and the functional thin films will be tested on Hot Ends in fused 
layer modeling processes with different types of plastic.
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