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Abstract  
 

A series of Al-Cr-Si-N hard coatings were deposited on WC-Co substrates with a negative 
substrate bias voltage ranging from -50 to -200 V using cathodic arc evaporation system. A 
Rockwell-C adhesion test demonstrated that excellent adhesion was observed at lower bias 
voltages of -50 V and -80 V, while further increases in bias voltage up to -200 V led to severe 
delamination and worsening of the overall adhesion strength. X-ray diffraction and transmission 
electron microscopy analysis revealed a single phase cubic B1-structure identified as an AlCrN 
solid solution with a nanocomposite microstructure where cubic AlCrN nanocrystals were 
embedded in a thin continuous amorphous SiNx matrix. Coatings exhibited a 002-texture evolution 
that was more pronounced at higher bias voltages (≥ -120 V). Stress-induced cracks were 
observed inside the coatings at high bias voltages (≥ -150 V), which resulted in stress relaxation 
and a decline in the overall residual stresses.  
 
Key words: Aluminum-chromium-silicon-nitride; Hard coating; Lateral rotating cathode; Adhesion; 
Deformation; Hardness; Transmission electron microscopy. 
 
1 Introduction 

 
Well-known representatives of hard coatings are ternary TiAlN and CrAlN which typically 

crystallise as a metastable, NaCl-structure (cubic B1), solid solutions in as-deposited state. These 
hard coatings possess superior but thermally limited mechanical properties [1]. Improvements in 
mechanical properties (hardness) are generally explained by an increasing the amount of Si, a 
nanocomposite (nc) structure-forming element. It has been reported many times that quaternary 
AlCrSiN coatings exhibit better thermal stability of mechanical properties than typical TiAlN or 
CrAlN hard coatings [2–4]. According to many authors [3,5–11, 12], the formation of the 
nanocomposite structure is determined by thermodynamic spinodal segregation of two non-mixing 
phases driven by the lower total free energy of the system. Small amount of Si (a few at.%) tends 
to segregate along the grain boundaries forming an amorphous SiNx phase (matrix) in which 
individual AlCrN nanocrystalline grains are embedded [2,3,5,6,13–16]. The addition of Si also 
leads to grain size refinement, depending on content, up to ~3–10 nm [17–21]. Another way to 
improve the properties of nitride coatings has focused on the variation of the energy delivered to 
the coating during growth by the bias voltage [22]. With an increase in bias voltage the energy of 
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impinging species increases as well [23]. Thus, we can manipulate with the energy of evaporated 
ions, and hence, directly influence the growth of the coating. It has been reported that in transition 
metal nitride coatings the bias voltage increases the residual stress [24], increases the hardness 
[24,25], changes the preferential growth orientation [24, 26], effectively decreases the grain size 
[24], decreases the deposition rate [24, 26], etc. 

From an engineering point of view, the special emphasis in this work was laid on the role of 
adhesive-deformation behaviours of the nc-AlCrN/a-SiNx coatings as a function of the bias 
voltage. The coatings were investigated using Rockwell-C adhesion test (Mercedes test), 
nanoindentation, scanning electron microscopy, X-ray diffraction, transmission electron 
microscopy and focused ion beam. 

  
2 Experimental details 
2.1  Coating deposition 

 
Al-Cr-Si-N coatings, with a thickness of 3.5 to 3.8 µm, were deposited in an industrial-scale 

cathodic arc evaporation system PLATIT π80+DLC using the LAteral Rotating Cathode (LARC®) 
technology. WC-Co (6 wt.% Co) cemented carbide discs with a 12.5 mm diameter were used as 
a substrate. The substrates were metallographically prepared to a mirror-polished surface with a 
surface roughness, SRa of 20 ± 2 nm. Prior to deposition, the substrates were ultrasonically 
cleaned in acetone for 20 minutes and mounted onto substrate holder. The deposition unit 
operated with two cylindrical rotating cathodes, AlSi (12 wt. % of Si) and pure Cr (99.99 wt. %). 
The coatings were deposited with a CrN adhesion (buffer) layer with the thickness of ~200 nm, 
deposited directly onto the WC-Co substrates with the same values of the bias voltages as the top 
AlCrSiN layer. The coating deposition was carried out in a flowing N2+Ar atmosphere under a 
constant working pressure of 4 Pa and temperature of 470 °C. During the deposition, negative 
bias voltages of -50 V, -80 V, -100 V, -120 V, -150 V and -200 V, respectively, were applied to the 
substrates. The two-fold rotation of a substrate holder with a speed rotation of 12 rpm was used, 
and the target-to-substrate distance was in the range of 100 to 280 mm. The deposition 
parameters and chemical composition are summarized in Table 1.  

 
2.2  Chemical composition and structural characterization 

 
The chemical composition of the coatings was measured using wavelength dispersive X-ray 

analysis (WDX) attached to the JEOL JSM 7600F scanning electron microscope (SEM). Prior to 
the WDX measurements, a calibration of the measurements was performed with a pure standard 
of Al, Si and Cr. Accelerating voltage was 15 keV. 

The phase identification was analysed by X-ray diffraction (XRD) using an Empyrean 
PANalytical X-ray diffractometer. For the X-ray phase identification, the grazing incidence X-ray 
diffraction (GI-XRD) was used. The incline angle of ω = 2°, the measuring range of 2θ ranged 
from 35° to 110° with a step size of 0.02°. CrN (111) and (002) planes, 2θ, around 57.7° and 67.2°, 
respectively, were used to determine the residual stresses using the sin2ψ method with point 
focus. CrKα radiation, λ = 2.28976 Å (30 kV, 40 mA), was used in the XRD analysis. 

 
2.3 Transmission electron microscopy and Focused ion beam 

 
Transmission electron microscopy (TEM) observations were performed using a FEI Tecnai 

G2 TF 20 UT FEG microscope operated at 200 kV. Cross-section samples were prepared by fitting 
a pair of pre-cut 1 x 1.8 mm slices into a Ti sample holder of ϕ 3 mm with the coatings facing each 
other. At first, samples were mechanically thinned and polished to a thickness of approximately 
55 µm. The sample was then placed in a Gatan precision ion polishing instrument and ion etched 
(5.2 keV Ar+ beam) to electron transparency in the area where the two coating cross sections were 
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located. Some complementary TEM observations were performed using a JEOL JEM-ARM200F 
FEG Atomic Resolution Analytical Electron Microscope operated at 200 kV in order to detect and 
prove the presence of an amorphous a-SiNx matrix at the AlCrN grain boundaries. 

After a Rockwell-C indentation test, cross-section cuts close to the indent area were 
prepared using a Tescan Lyra III focused ion beam (FIB) FE-SEM. Coating material was removed 
from one side of the indent using a 30 keV, 1.2 nA Ga+ ion beam. Final polishing was carried out 
using 30 keV, 0.1 nA Ga+ ion beam.  

 
2.4 Adhesion 

 
In order to assess the coating-to-substrate adhesion, a Mercedes adhesion test was used. 

A conventional Rockwell hardness test (ISO 6508), where the Rockwell-C indenter was pressed 
into the surface of the coatings with a load of 1500 N and a dwell time of 10 s. Three indents were 
made on each sample and analysed in the SEM. The coating adhesion was classified as HF1 
(excellent adhesion) to HF6 (poor adhesion) according to the amount of cracking or coating 
delamination around the edges of the indent [26]. 

 
2.5  Hardness and Young's modulus 

 
The hardness (H) and Young's modulus (E) were evaluated using a load-controlled 

nanoindentation device, UMIS, equipped with a Berkovich tip with a radius of around 150 nm. A 
loading force of 50 mN was chosen to avoid substrate effects. The penetration depth of the 
indenter was around 8 % of the overall thickness, thus the substrate effect on overall hardness 
can be neglected. Thirty valid indents were performed on each sample. 

 
3 Results and discussion 
3.1  Chemical composition of Al-Cr-Si-N hard coatings 

 
The WDX measurements performed on the as-deposited samples showed that the bias 

voltage only had a minor effect on the overall chemical composition, as shown in Table 1. Thus, 
based on the variation in chemical composition we can consider that all these samples have the 
same chemical composition, and therefore further investigation of any possible changes in the 
properties of Al-Cr-Si-N coatings should only be influenced by varying the bias voltage. In general, 
it has been reported that as the bias voltage increases the chemical composition may change in 
favour of elements with higher ion charge-state due to preferential re-sputtering [5,23] of light 
elements during the impingement of ions with greater energy [27]. A slightly higher nitrogen 
content than stoichiometric (e.g. Cr50N50) stems from the increased silicon content that forms a 

silicon nitride matrix SiNx [27].  
No hexagonal phases were observed in the as-deposited state. The theoretical maximum 

solubility limit of Al in the CrN lattice is x = 0.77 mol. %, experimentally validated in the range of x 
= 0.5 - 0.8 mol. % [13,18,28], until a softer würtzite phase h-AlN (ZnS prototype) is formed. In 
order to avoid the formation of h-AlN phase in the coatings, the maximum Si content in the AlCrSiN 
coatings is limited to around 5 at.% (not shown here), when only using two cathodes, alloyed AlSi 
(12 wt. % of Si) and pure Cr. Therefore, we have decided to grow AlxCr1-x-ySiyN coatings with a 
lower Al content, accordingly to x = ~0.5 mol. %, yielding 3.5 at.% of silicon. Increasing the DC 
current on the AlSi cathode would eventually lead to a higher Si(+Al) content in the coatings, 
however an increased Al content would trigger the formation of a thermodynamically stable 
hexagonal h-AlN phase that leads to a decrease in mechanical properties, i.e. hardness and wear 
resistance [29]. Apart from that, increasing the DC current applied to the AlSi cathode leads to the 
emission of higher quantities of micro- and macroparticles from the cathode [30,31], which is due 
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to the lower melting point of the cathode material [30]. This also negatively affects the surface 
roughness, as it was shown in our previous work conducted on AlCrSiN coatings [32]. 

 
Table 1 Summary of the deposition parameters and WDX chemical composition of the as-

deposited Al-Cr-Si-N coatings. 

bias 
voltage 
Ub [V] 

at. % temperature 
T [°C] 

pressure 
p [Pa] 

N2 
[sccm] 

Ar 
[sccm] N Al Si Cr 

-50 52.6 26.2 3.5 17.7 

470 4 200 30 

-80 52.7 26.1 3.4 17.8 

-100 52.7 26.2 3.4 17.7 

-120 52.7 26.2 3.5 17.6 

-150 52.9 26.0 3.5 17.6 

-200 52.8 26.2 3.5 17.5 

 
3.2 XRD characterization of the as-deposited Al-Cr-Si-N coatings 

 
The grazing incident X-ray diffraction measurements revealed that the Al-Cr-Si-N coatings 

were found to be well crystallised into a single phase cubic CrN-like structure (Ref. code: ICSD 
03-065-9001), identified as AlCrN solid solution. The presence of weak diffraction peaks from 
substrate WC-Co (Ref. code: ICSD 01-089-2727) were detected too, as shown in Fig. 1. A silicon 
nitride phase (SiNx) was not detected in the XRD patterns, indicating the amorphous nature of the 
silicon nitride.  

 

 
Fig. 1 XRD patterns of the Al-Cr-Si-N hard coatings as a function of bias voltage. 

 
Fig. 1 depicts the diffraction patterns where monolithic Al-Cr-Si-N hard coatings display 

predominantly (111), (002) and (022) diffraction peaks in the observed interval of 2θ from 50° to 
110°. It was observed that with increasing bias voltage the relative intensity of the AlCrN 002 plane 
increases, while the relative intensity of the (111) and (022) planes continuously decreases. The 
author [22] observed the change of the preferred orientation to the (002) in the CrN coatings when 
the bias voltage increased. During the deposition, the (002) plane suffers the lowest collision 
resulting in a faster crystal face growth than other crystal planes. Therefore, the coatings exhibit 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

5 
 

a preferred orientation in the (002) plane when the bias voltage increases. A similar change of 
relative intensity of the (111) plane on behalf of the 001-texture with increasing bias was observed 
by the authors [3] and [5], where the (111) peak rapidly weakens and only the (002) peak remains 
when the bias voltage increases. An increase in the bias voltage also led to slight broadening of 
the peaks indicating a decrease in grain size. No significant trend in a peak shift was observed in 
the studied Al-Cr-Si-N coatings. 

 
3.3  Microstructure of the Al-Cr-Si-N hard coatings at different bias voltages 

 
Bright field (BF) diffraction contrast TEM images of the coatings show a dense and fine 

columnar microstructure and continuous lattice fringes across several tens of nm (Fig. 2 and Fig. 
3). TEM confirmed that the crystallographical orientation of the coating deposited at low bias 
voltage is a mixture of planes (111), (002) and (022), while at higher bias voltages it was observed 
that the orientation of crystals changes and predominantly displays the 002-texture. Elemental 
maps in STEM (not presented here) did not show any segregation of AlN or CrN, which agrees 
with the results from XRD that Al and Cr are homogeneously dissolved in the solid solution. Neither 
XRD nor selected area electron diffraction (SAED) patterns revealed that the silicon nitride SiNx 
matrix is in a crystalline form in the coatings, and thus according to the observations, the silicon 
nitride matrix appears to be amorphous a-SiNx. Increasing bias voltage led to grain size refinement 
of the AlCrN crystals, observed via a shortening the columnar direction.  

High resolution TEM (HR-TEM) micrographs (Fig. 2 and Fig. 3) show the nc-structure of the 
monolithic Al-Cr-Si-N coatings with the corresponding SAED patterns. It was observed that 
columnar grains are formed by smaller nanocolumnar grains (Fig. 3), rather than self-organised 
equiaxed nanograins, that are slightly elongated in the growth direction.  
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Fig. 2 HR-TEM micrographs and SAED patterns (inserted) of the AlCrSiN coating deposited at 
different bias voltages.  

 
Since a thin continuous a-SiNx matrix was present in all the coatings with no respect to the 

bias voltage, Fig. 4 shows fine microstructure with nanocolumnar grains of the coating deposited 
at -120 V. We present the microstructure of this coating because it has still sufficient adhesion 
compared to the coatings deposited at larger bias voltages. 
 

 
Fig. 3 TEM micrographs of the nanocolumnar structure of the coating deposited at -120 V. 
 

 
Fig. 4 BF TEM image of the nc-structure where the AlCrN grains are embedded by amorphous 

silicon nitride matrix (a), detail of grain boundaries with continuous a-SiNx (b). Magnified 
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HAADF-STEM images with dark field (c) and bright field (d) of the same area, showing 
the grain boundary with the phase of lower density. 

 
Fig. 4a displays fine and dense microstructure with nanocolumnar grains of the coating 

deposited at -120 V that are embedded by the phase with lower density, indicating the a-SiNx. 
This ~1-2 nm thin and continuous a-SiNx matrix interrupts the grain growth during deposition, 
creates new grain boundaries where it segregates, and, hence, embeds the AlCrN nanocrystals. 

Fig. 4c and Fig. 4d depict high-angle annular dark field (HAADF) images that prove the 
presence of the a-SiNx matrix along the columnar grains. Since the Si content was still quite low 
(~ 3.5 at. %) in the Al-Cr-Si-N coatings, composite yet nano-columnar microstructure could be still 
observed. It has been reported [33] that increasing the energy of impinging ions can prevent the 
formation of columnar crystals. In our case, even at higher bias voltages, the AlCrN 
nanocrystallites retained their (nano-) columnar shape. 
 
3.4  Residual stress analysis and nanoindentation 

 
Residual stresses as a function of the bias voltages are shown in Fig. 5a. The residual 

stresses were measured using the sin2ψ method on the two most intense planes of the AlCrN 
(111) and (002), and the average value is then given from those two planes. The residual stresses 
increase with increasing bias voltage which generally stems from the increase in kinetic energy of 
the impinging ions. The increase in bias voltage results in the transference of more energy to the 
coating during growth, and thus the residual compressive stresses also increase [34]. Ion 
bombardment of the growing film can suppress grain growth and permit the formation of nc-
coatings [8]. Since the chemical composition was found to be intact, the only contribution that 
enhances the overall residual stresses is then imputed to be the increasing bias voltage. Indeed, 
there was significant increase observed in the residual stress of the coatings as the bias voltage 
increased from -50 to -120 V, with the highest value of -4900 MPa. Further increases of the bias 
voltage resulted in a notable decrease due to stress-induced cracks, as shown in Fig. 6a. The 
stress-induced cracks were found to be perpendicular to the growth direction, approximately in 
the centre of thickness of the coating, and we assume that such cracking leads to relaxation of 
the stresses accumulated in the growing coating during deposition. As it was reported in [35,36], 
increasing the bias potential may lead to local heat-induced recovery of defects and strains, and 
therefore stress relaxation can occur at high bias voltages.  

 
Fig. 5 The residual stresses (a) and hardness with Young’s Modulus (b) as a function of 

increasing bias voltage.  
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Regardless of the bias voltage variation, all the coatings contain a certain amount of 
microparticles located inside the coating, as shown in Fig. 6b and Fig. 7. These metal-rich 
microparticles were ejected from the cathodes and adhered to the coating during deposition, and 
were covered up by the growing coating. Thus, microparticles are not only visible on the top of the 
coating surface (not shown here), but they are also a part of the microstructure of the coating. As 
was observed, these microparticles may cause a local shadowing effect (highlighted by the white 
arrow in Fig. 7) with voids around the microparticles. One should take into account that these 
empty spaces can contribute to stress relaxation.  

From the engineering point of view, the main goal in the deposition of hard nitride coatings 
is not always to reach the highest possible hardness of the coatings. It is more important that the 
toughness of the coatings is sufficient in order to withstand plastic deformation and to dissipate 
the load over a greater area [9], thus to find an optimal combination of properties. Hardness 
measurements performed on the AlCrSiN coatings revealed that increasing the bias voltage 
noticeably enhances hardness. Fig. 5b shows the variation in hardness (H) of the AlCrSiN coatings 
as a function of bias voltage. The hardness reached a maximum value of 40.2 ± 2.7 GPa for the 
bias voltage of -200 V. Interestingly, the hardness of the coatings deposited at -150 V and -200 V 
was not affected by the decline in the residual stresses. It is referred as superhardness if the 
coating hardness exceeds a value of 40 GPa [8,10]. Taking into account the error bars, the values 
of the nc-AlCrN/a-SiNx coatings are very similar in the interval of -50 V to -120 V. Thus, at lower 
bias voltages, the hardness of the coatings is quite constant and does not exhibit an increase. We 
can state that the most significant increase in the hardness (+2.8 GPa) was observed in the case 
of -120 V and -150 V bias voltages, as shown in Fig. 5b. Based on indentation measurements, 
variations in bias voltage did not reveal any significant impact on the Young’s Modulus values (Fig. 
5b). 

 

 
Fig. 6 BF TEM micrographs of the coating deposited at -150 V with stress-induced cracks 

perpendicular to the growth of the coating (a), and an overview of the same coating with 
the microparticles highlighted by the arrows.  

 
TEM observation of the substrate-coating interface (Fig. 6b) displays sharp layers with good 

adhesion, no cracks, lifting or separation of the coating from the substrate, at all levels of bias 
voltages, in the as-deposited state. As it was reported in [37], an increase in residual stresses may 
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lead to the introduction of cracks due to shear stresses at the substrate-coating interface. In this 
work, no failure at the substrate-coating interface was observed using the TEM prior to indentation. 
 

 
Fig. 7 BF TEM micrographs of the sample deposited at -80 V with microparticles attached in the 

coating during growth, and detail of the white spot(s) in the structure indicating their metal-
like structure. 

 
3.5  Rockwell-C adhesion test 

 
Fig. 8 depicts indents after the Rockwell-C adhesion test. HF1 to HF4 category failures are 

acceptable with only radial cracks and minor coating delamination, while HF5 and HF6 are 
unacceptable failures with severe coating delamination around the edge of the indent [26]. 
According to our observations, coating-to-substrate adhesion is strongly affected by variation in 
the bias voltage. The coatings deposited at lower bias voltages exhibit excellent adhesive strength 
HF1 (-50 V and -80 V, respectively) and adhesive strength HF2 (-100 V). Further increases in the 
bias voltage (≥ -120 V) resulted in deterioration of the adhesion strength. Adhesion strength is a 
measure of the resistance of a coating to debonding or spalling [38]. There are two types of failures: 
i) cohesive failure is defined as a breakdown of intermolecular bonding forces in the coating, while 
an ii) adhesion failure refers to a failure between two (chemically) different materials [39]. 

At low bias voltages (≤ -100 V), typical features are indentation-induced radial cracks and 
cohesive failure where the coating-to-coating separation occurs on the inside of the indent. In the 
case of higher bias voltages (≥ -120 V), cohesive failure persists in the indent, whereas an 
adhesive failure (delamination of the coating from the substrate) starts at the edges of the indent 
(highlighted by the black arrow in Fig. 8d) and in the adjacent pile-up region. Particularly, in the 
case of -150 V and -200 V, massive lifting of the coating from the substrate was observed far away 
from the edge. Fig. 8(a)-(f) depict detailed BSE (Backscattered Electrons) SEM micrographs of 
the edges of the indents with indentation-induced radial cracks, cohesive and adhesive failures. It 
has been reported that with an increase in residual stresses, the coating becomes harder and 
more brittle and coating-to-substrate adhesion loosens [40]. 
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Fig. 8 SEM images of the Rockwell-C indents after Mercedes test performed on the AlCrSiN 

coatings deposited at different bias voltages with the classification of the adhesion 
strength (detailed BSE SEM micrographs inserted). Figures (a) – (c) show cohesive 
failure of the coatings in the pile up region with bias voltages from -50 to -100 V, (d) – (f) 
show cohesive-adhesive failure observed in the case of bias voltages from -120 V to -
200 V.  
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Fig. 9 shows an illustration of the deformation features that take place in the Rockwell-C 
adhesion test. During the test, the diamond conical indenter with a specified tip radius (~200 µm) 
was pressed into the coating with a load of 1500 N for 10 s. Both the material of the coating and 
the substrate are deformed and softer substrate response with a pile up around the contact area. 
Typical features are cohesive failure, highlighted by the bold boundaries (coating is peeled off) 
and bold subsurface boundaries (coating is cracked, but still attached) in Fig. 9a, and adhesive 
failure, highlighted by the yellow circles as a delamination area with lifting and buckling of the 
coating in Fig. 9b.  

 

 
Fig. 9 Cross-section overview of the Rockwell-C imprint for the coating-substrate system with a 

simplified columnar microstructure (a), and the real view (reference sample -150 V) of the 
coating delamination area (b). Inset image from [41] and modified. 

 
As the substrate material piles up around the indent, the material flow causes the 

introduction of in-plane tensile stresses on the surface of the coating and subsequent formation 
and opening of the cracks. The more the indenter is pressed into the substrate, the more the 
material piles up and more cracks are formed that can propagate through the coating. It was 
observed that not only radial cracks are formed, but also lateral cracks parallel to the coating 
surface arise in the middle of the coating, as shown in Fig. 9a and in Fig. 10a,c marked by the 
cyan arrows. Elastic deformation accumulated during the indentation loading cycle makes the 
coating more prone to lateral cracking. Since the recovery of the elastic stresses is limited by the 
plastically deformed zone under the indent, stress recovery is alleviated by the initiation and 
propagation of cracks parallel to the coating surface; more about this theory in [42,43]. This lateral 
cracking can lead to severe chipping of the coating, mostly observed as cohesive failure. It has 
been reported that when a loaded sphere slides on a hard coating, the friction that originates from 
both shear and ploughing will result in tensile stresses behind the sphere and compressive 
stresses and material pile-up in front of the sphere. This can result in several different cracking 
patterns, depending mainly on the geometry and hardness relationships [44]. Despite the fact that 
sliding (e.g. a scratch test) is not a static indentation; a similar conclusion could be drawn here 
based on the observation that the delamination of the coating occurs farther from the pile-up region, 
where the coating is probably subjected to tensile stresses. We assume that the localized area of 
the pile-up region, which is formed behind the diamond indenter, may introduce tensile stresses 
sufficiently large to cause delamination of the coating from the substrate. Li et al. [45] reported 
that fracture in ceramics is initiated by tensile and shear stresses and showed that indentation-
induced tensile and shear stresses appear at the substrate-coating interface during loading under 
the indent. We assume that tensile and shear stresses are introduced behind the pile-up area and 
are responsible for the coating delamination. Since the coatings are hard, brittle and possess high 
compressive residual stresses with defects (i.e. cracks and voids) after deposition, indentation-
induced cracks may then propagate along these defects and could result in such severe coating 
delamination. 
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Fig. 10 FIB cross-section cuts of the sample deposited at -100 V with different crack deflection 

patterns at the coating-adhesion layer interface. Wide crack (a), medium-wide crack (b), 
and small crack (c).  

 
Fig. 10 shows three FIB cross-section cuts of the coating deposited at -100 V made of 

different radial crack sizes showing the propagation of the cracks through the coating. All these 
indentation-induced cracks are visible in each sample regardless of the bias voltage. It was 
observed that the biggest cracks (Fig. 10a) disseminated perpendicular to the coating surface and 
were deflected at the coating-adhesion layer interface (highlighted by the lower yellow arrow). 
There is also a smaller crack (highlighted by the red arrow) deflected at the same interface, but 
the crack goes through the adhesion layer (CrN) along the substrate. Medium-sized (Fig. 10b) and 
small-sized (Fig. 10c) cracks show partial crack deflection and branching in the coating itself, 
however these cracks were not deflected by the adhesion layer, and have even disseminated to 
the substrate. All types of radial cracks show a wider crack opening at the coating surface, and 
become narrower close to the WC-Co substrate. This implies that crack initiation is at the coating 
surface and the crack propagates through the coating during loading towards the substrate, and 
not vice versa.  

 
4 Conclusions 

 
This work has revealed the significant effect of bias voltage on adhesion and mechanical 

properties of the Al-Cr-Si-N nc-hard coating. The samples were deposited at negative bias 
voltages of -50, -80, -100, -120, 150 and -200 V, respectively. Based on the measurements we 
can state that Al-Cr-Si-N nc-coatings exhibited excellent adhesion (HF1) at low bias voltages (-50 
V and -80 V), and very good adhesion (HF2) at -100 V, respectively. Further increase of the bias 
voltage up to -200 V resulted in heavy delamination of the coating and exposition of the substrate, 
classified as poor and unacceptable adhesion (HF6). WDX analysis showed that the bias voltage 
has negligible influence on the chemical composition of the Al-Cr-Si-N hard coatings. XRD 
analysis showed that the Al-Cr-Si-N coatings were crystallised into the cubic B1-NaCl structure, 
and with increasing bias voltage the coatings predominantly display the 002-texture evolution. 
Transmission electron microscopy showed the nanocolumnar microstructure with grain size 
refinement and continuous thin amorphous layer, consisting of a-SiNx, located at the grain 
boundaries of the AlCrN nanocrystals. The highest residual compressive stresses were observed 
at the bias voltage of -120 V, -4900 MPa. Despite the fact that increasing the bias voltage results 
in the transference of more energy to the coating, further increase in the bias voltage (≥ -150 V) 
resulted in the decline in residual stresses due to stress-induced cracks, and possible local heat-
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induced stress relaxation in the coatings. Slight hardness improvement from 35.3 ± 2.2 GPa for 
the -50 V coating to 40.2 ± 2.7 GPa for the -200 V coating, mainly due to grain size reduction. FIB 
analysis, performed on the -100 V coating, showed different crack deflection patterns, where small 
and medium-width cracks showed partial deflection and branching in the coating, while wide 
cracks propagated straight through the coating and were fully deflected by the CrN adhesion layer 
at the substrate-coating interface.  
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Highlights 
 

 Excellent adhesion was observed at low bias voltages. 

 AlCrSiN coatings exhibit 002-texture evolution with increase in the bias voltage. 

 Nanocolumnar AlCrN grains and continuous amorphous SiNx matrix are observed. 

 Stress-induced cracking was found at large bias voltages. 

 Hardness enhancement due to grain size reduction. 
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