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A B S T R A C T   

Large-scale sputter-deposition of hard protective coatings has not been prevalent as the large dimensions of the 
industrial targets posed an enormous technological challenge: only relatively low power (and plasma) densities 
could be achieved, resulting ultimately in poor performance of such coatings. Here, we introduce a novel 
sputtering technology allowing to reach high power densities for industrial tubular targets. This is realised on the 
principle of a longitudinal movement of a reduced-size magnetron inside the target. In doing so, peak power 
densities of 840 W/cm2 have been achieved for the overall power of 25 kW and the target dimensions of Ø110 ×
510 mm. To demonstrate the effectiveness of the solution, we produced a series of cubic (Al,Cr)N coatings by 
sputtering an Al60Cr40 target. Most of the coatings have a stoichiometric composition, smooth surface and a 
moderate amount of growth defects. Significant improvements through recipe optimisation could be achieved 
resulting in mechanical properties (hardness, fracture toughness, wear resistance) being equal to and even 
exceeding those of the benchmark coatings produced by means of conventional sputtering and cathodic arc 
evaporation. Our results open up great potential of this novel sputtering technique for the coating industry.   

1. Introduction 

Hard protective coatings for industrial applications are usually pro
duced by means of cathodic arc evaporation (CAE). The process is 
characterised by a high ionisation degree of the evaporated material and 
fast growth of highly dense coatings. On the downside, the inherent 
microscopic growth defects like droplets reduce density and increase 
roughness of the coatings and can act as stress concentrators leading to 
the formation of cracks. This has a negative effect on the properties and 
wear resistance of the coatings [1]. Although these limitations could be 
overcome by utilising a sputtering process, the large dimensions of the 
industrial targets pose an enormous technological challenge as rather 
small power and plasma densities can be achieved resulting ultimately 
in underperformance of sputter-deposited coatings. 

Here, we introduce a novel coating deposition technology allowing 
one to achieve high plasma power densities even for the large-scale 
targets – the moving focussed magnetic field magnetron sputtering 

(hereafter F-MS). This is realised by longitudinal movement of a reduced 
size magnetron inside a tubular target (see Fig. 1a-c). By using a DC 
power supply with a total output power of 25 kW and a target measuring 
Ø110x510 mm, we attained peak sputter power densities of 840 W/cm2 

– a six-fold increase compared to a conventional magnetron (hereafter 
DCMS, see Fig. 1d), with an even more pronounced impact on larger 
targets. Power densities reached in the F-MS and DCMS processes are 
characteristic of high power impulse (HiPIMS) and modulated pulse 
power (MPP) magnetron sputtering [2,3] yet with considerably higher 
duty cycles (Fig. 1e). This is enabled through highly effective cooling in 
tubular targets [4,5], which is furthermore improved by moving 
magnetron (F-MS) and target rotation (DCMS). High duty cycles allow 
one to achieve high deposition rates (Fig. 1f) and ultimately greater 
productivity. 

To demonstrate the effectiveness of the novel technology, we 
deposited coatings made of a solid solution of aluminium and chromium 
nitrides with a face-centred cubic structure fcc-(Al,Cr)N – a material 
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system which has been a subject of numerous research activities since 
1990 [6–9] and became of a tremendous industrial importance in 2003, 
when the need for higher cutting speeds (and thus operating tempera
tures) created buoyant demand for higher oxidation resistance [10]. 
(Detailed description of the material system and a great deal of useful 
insights can be found, for instance, in the recent comprehensive review 
article by J. Vetter et al. [11] and references therein.) The coatings were 
deposited here from an Al60Cr40 target using different nitrogen pressure, 
pN2, and bias voltage, -Us. We also varied the magnetic flux density 
(hereafter B) by sputtering pristine and substantially thinned targets 
(Fig. 1d). The mechanical and cutting test results of our F-MS hard 
coatings found their hardness and wear rates already equal to those of 
current state-of-the-art CAE coatings, which opens up great potential of 
this sputtering technique for the coating industry. 

2. Results 

To provide insights into the process-microstructure-properties rela
tionship of the novel F-MS coatings, a systematic chemical and structural 
characterisation of microstructures of the deposited coatings was carried 
out. All F-MS coatings have a smooth surface and a moderate volume 
fraction of growth defects (See SEM micrographs of the surface of a few 
selected coatings in Supplementary Material, Fig. S1). X–ray diffraction 
experiments in a Bragg-Brentano configuration (BBXRD) revealed that 
all coatings were, as anticipated, single-phase face-centred cubic (see 
Fig. 2 and Fig. S2 in Supplementary Material). Besides, all coatings show 
a (111) preferential growth texture. Increasing pN2 and bias voltage 
result in a shift of the reflections to lower 2θ angles, which might be 
caused by expanding crystal lattice or increasing compressive in-plane 
residual stresses. Higher nitrogen pressures result also in attenuation 
of the intensity. It is noteworthy that only the coating deposited at 0.12 
Pa and 60 V has a distinctly different peak shape suggesting significantly 
smaller grain size and possibly the presence of Al- and Cr-rich (Al,Cr)N 
segregated grains. The atomic fractions Al/(Al + Cr) and N/(Al + Cr) 
change only slightly, within the measurement accuracy. 

The results of the microstructural investigations based on glancing 
angle XRD (GAXRD) experiments indicate that higher nitrogen pressures 
result in larger stress-free lattice parameter, a0 (see Fig. 3 and Fig. S3 for 
GAXRD patterns). The a0 values increase from 4.0970 to 4.1448 Å as the 

Fig. 1. Overview of Platit π411 chamber with schematised annular blue plasma generated by the movable focussed magnetic field (a), directly imaged plasma 
moving along the height of a tubular metal target during operation in the 4 panes (b). Schematics of the magnetron assembly for the F-MS and DCMS modes (top and 
side view) and the photographs of the target after a short run (note that for the F-MS mode, the racetracks were produced without moving the magnetron) (c). The 
power densities achieved in the F-MS and DCMS modes at 25 kW (d) for the racetrack areas labelled in (c). Power density–duty cycle plot modified after Gud
mundsson et al. [3] (e). Duty cycle of 100% is possible in the DCMS process due to rotation of the tubular targets. For the F-MS process, duty cycle provides a lower 
bound by taking into account the operation time when the deposition rate remains above 50% of its peak value. A video of the sputtering process is shown in 
Supplementary Material Video 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 2. X-ray diffraction patterns (Bragg-Brentano configuration) of the F-MS 
coatings showing the (111) and (200) reflections. (The full-angular-range 
diffractograms are given in Supplementary Material, Fig. S2a.) The vertical 
reference lines indicate fcc-CrN (ICSD 192945) and fcc-AlN (ICSD 608628). The 
two coatings deposited at pN2 = 0.10 Pa (weak B) differ in thickness (4.2 µm 
below and 2.7 µm above). 
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nitrogen pressure increases from 0.08 to 0.3 Pa. Sputtering a thinner 
target (i.e. higher magnetic flux density B) results in a systematically 
larger a0 (although rather slightly, by 0.002–0.006 Å) increasing from 
4.1136 to 4.1358 Å as the nitrogen pressure increases from 0.1 to 0.2 Pa. 
Increasing –Ub from 30 to 60 V leads to an increase of a0 from 4.1205 to 
4.1318 Å, followed by a gradual decrease of a0 to 4.1143 Å upon further 
increase of –Ub to 150 V. Only the coatings deposited at about 0.1 Pa (the 
exact pressure is sensitive to the target thickness and bias voltage) have 
a0 comparable to that of a defect-free fcc-(Al0.6Cr0.4)N calculated to be 
4.114 Å [12,13]. 

As revealed by the nanoindentation tests, increasing pN2, B (i.e. 
thinner targets), and –Ub, produce a hardening effect (Fig. 4a). This 
tendency, however, does not apply to the extreme –Ub (150 V) and also 

loses its validity for the lowest pN2 (0.08 Pa). So, increasing pN2 from 0.1 
to 0.3 Pa, hardness (H) increases from 30.0 ± 1.5 (or 30.5 ± 2.4 in the 
thicker coating) to 35.7 ± 2.0 GPa. Sputtering a thinner target (i.e. 
higher B) results in a systematically higher H (by about 1.5 GPa on 
average) increasing from 31.6 ± 2.1 to 35.9 ± 4.1 GPa as pN2 increases 
from 0.1 to 0.2 Pa. Increasing –Ub from 30 to 100 V leads to an increase 
in H from 32.0 ± 4.5 to 37.5 ± 2.7 GPa, followed by a slight softening to 
36.4 ± 3.3 GPa upon further increase of –Ub to 150 V. The DCMS 
(conventional large-area sputtering) and CAE coatings are among the 
softest showing 29.0 ± 2.1 and 30.2 ± 2.8 GPa, respectively. 

The effect of pN2, –Ub, and B on Young’s modulus (E) is slightly less 
pronounced (Fig. 4b). Upon varying pN2 between 0.1 and 0.3 Pa (irre
spective B) and –Ub between 30 and 150 V, E changes within 460 and 
480 GPa, thus being in line with the computational and experimental 
results on fcc-(Al0.6Cr0.4)N [12,13]. The lowest pN2 used in the study 
(0.08 Pa at − 30 V) results, however, in a substantially smaller E value of 
about 430 GPa, being thus comparable to the DCMS and CAE coatings 

Fig. 3. Stress-free lattice parameter of the F-MS coatings deposited from 
Al60Cr40 target at different nitrogen pressures and bias voltages. The dotted 
lines represent the lattice parameter of fcc-CrN (4.1668 Å, ICSD 192945), fcc- 
AlN (4.0450 Å, ICSD 608628), and Al60Cr40N obtained from DFT calculations 
in [12,13]. The values of a0 of the two coatings deposited at pN2 = 0.10 Pa 
(weak B) are within the margin of error of the measurement. 

Fig. 4. Nanoindentation hardness (a) and modulus (b) of the F-MS (Al,Cr)N coatings as well as the benchmark CAE coating and the substrate WC-Co. In (b), the error 
bars for the benchmark CAE coating (±28 GPa) and the substrate (±26 GPa) are not shown for the sake of clarity. 

Fig. 5. Compressive residual stresses of the F-MS and DCMS (Al,Cr)N coatings.  
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with 424 and 431 GPa, respectively. 
All F-MS coatings have compressive residual stresses (–σ), which 

increase with the increasing nitrogen pressure, bias voltage, and mag
netic field strength (i.e. with decreasing thickness of the target), see 
Fig. 5. For the lower magnetic field strength, –σ increases from 1.2 GPa 
at 0.1 Pa to 4.0 GPa at 0.3 Pa, while pN2 lower than 0.1 Pa also leads to a 
higher –σ (1.6 GPa). Furthermore, the compressive residual stresses in 
the near-surface area decrease with increasing thickness, compare the 
2.7- and 4.2-μm-thick coatings deposited at pN2 of 0.1 Pa. For the 
stronger magnetic field, –σ increases from 2.3 GPa at 0.1 Pa to 4.3 GPa at 
0.2 Pa. Increasing bias voltage from 30 V to 100 V nearly doubles the 
compressive residual stresses: compare 3.2 GPa and 6.5 GPa, respec
tively; whilst a further increase of –Ub to 150 V reduces –σ to 6.0 GPa 
and probably marks a transition to a deposition regime, in which –Us has 
the reverse effect on residual stresses. 

For the industrial scale cutting tool testing, coatings deposited from 
the thinned down target (i.e. higher magnetic field strength) were 
chosen due to the higher hardness. The wear measurements revealed 

that the variation of pN2 within the range 0.1–0.2 Pa improves slightly 
the wear resistance of the end mills coated with the F-MS coatings 
(although with higher nitrogen the accuracy of the measurements does 
not allow one to make a definite conclusion), which perform as good as 
the benchmark CAE coating, see Fig. 6. At the same time, bias voltage 
causes substantial differences in cutting performance. In particular, the 
end mills coated using –Ub of 60 V (0.12 Pa) show the lowest wear of 
both major (13 ± 10 µm) and minor (28 ± 6 µm) edges and significantly 
outperform the benchmark CAE coating with the wear at the major and 
minor edges being 33 ± 4 and 50 ± 6 µm, respectively. 

The coating showing the best cutting performance (pN2 of 0.12 Pa 
and –Ub of 60 V) in the cutting tests was then chosen for the fracture 
toughness testing by micropillar splitting. The F-MS and DCMS coatings 
exhibit fracture toughnesses (KC) of 3.80 ± 0.19 and 3.87 ± 0.26 
MPa√m, respectively (Fig. 7). The benchmark CAE (Al,Cr)N coating has 
a KC of 3.73 ± 0.50 MPa√m (on average). The SEM images show the 
typical fracture of the micropillars for each coating (See Fig. S6 for all 
images). It is noteworthy that the KC was effectively the same regardless 

Fig. 6. Schematic illustration of an end milling test (a), mean wear of the major and minor edges of the most relevant F-MS coatings in comparison with the 
performance of the benchmark CAE coating (b). 

Fig. 7. Fracture toughness of the best performing F-MS, DCMS, and benchmark CAE (Al,Cr)N coatings with the KC values of each individual micropillar shown to the 
right of the boxes as well as the SEM images of the fractured micropillars (top and side views). The scale bar is 1 µm. The white arrows indicate the growth defects in 
the micropillars of the CAE benchmark coating visible at the pillar surfaces (a possible reason for the wide spread of KC). A survey of fracture toughness of (AlxCr1-x)N 
coatings, Refs. [14,15]. 
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of whether the pillar underwent a 3-way or a 2-way split upon the initial 
load drop following maximum load. Additionally, the DCMS coating 
shows a considerably lower resistance to ion irradiation, which is re
flected in over 20% taller micropillars fabricated under similar 
conditions. 

Cross-sectional TEM (XTEM) investigations of the best performing F- 
MS coating as well as DCMS coating deposited using the same conditions 
are compared in Figs. 8 and 9, respectively. The F-MS coating has tightly 
packed fibrous grains (Fig. 8a). The SAED pattern obtained with a 4-µm 
aperture centred at the midpoint of the coating confirms that the coat
ings are single-phase face-centred cubic (Fig. 8b and c). The diffraction 
in the direction of growth happens primarily on the (111) planes 
(Fig. 8b) which confirms that the coatings are highly textured. The 
discrete spots in Fig. 8b are indicative of relatively large grains. Both 
latter statements are furthermore corroborated by the dark-field XTEM 
images from a (111) diffraction spot highlighted in Fig. 8d. Similarly, 
the DCMS coating has a fibrous microstructure (Fig. 9a) and is single- 
phase face-centred cubic (Fig. 9b and c). However, although the 

diffraction in the direction of growth happens also primarily on the 
(111) planes (Fig. 9b), the intensity is much weaker. The DCMS coating 
has a more continuous ring pattern and hence a finer grain size. The 
angular widths of the (111) ring segments of the F-MS and DCMS 
coatings are about 18◦ and 35◦, respectively, thus suggesting a higher 
degree of mosaicity of the (111) oriented columns of the DCMS coating. 

TEM images at higher magnification reveal a completely dense 
columnar microstructure of the F-MS coating and intercolumnar (and 
minor degree of intracolumnar) porosity can be observed in the DCMS 
coating (see Fig. 10a and b, respectively). Interestingly, the DCMS 
coating has a nanolayered structure with a thickness of the individual 
layers being around 20 nm. STEM EDS (not shown here) revealed slight 
variations in the Al/(Al + Cr) ratio in the adjacent layers of about 0.02. 
Furthermore, the grains of the DCMS coating have a wavy shape in the 
direction of growth (unlike the F-MS coating with typical straight 
grains). It is suggested that these structural peculiarities are caused by a 
combination of the complex substrate rotation and limited adatom 
mobility. 

Fig. 8. Microstructure of the F-MS coating with the best cutting performance (deposited at 0.12 Pa and − 60 V). Bright-field TEM image (a) with the corresponding 
SAED pattern, (b) radially integrated intensity profile (c) and a dark-field image from the selected spot encircled in (b). The upper left arrow in (a) indicates the 
direction of growth. 

Fig. 9. Microstructure of the DCMS coating deposited under the same condition as the F-MS coating with the best cutting performance. Bright-field TEM image (a) 
with the corresponding SAED pattern, (b) radially integrated intensity profile (c) and a dark-field image from the selected spot encircled in (b). The upper left arrow 
in (a) indicates the direction of growth. 
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Analysis of the high-resolution TEM (HRTEM) images shown in 
Fig. 10c, d reveals that the F-MS coating has a considerably lower den
sity of dislocations as compared to the DCMS coating (see Fig. S9 for the 
dislocation indicators superimposed on the HRTEM images). Taking into 
account the sessile Lomer edge dislocations which formed by two extra 
half planes on the intersecting planes [16,17] (Fig. 10 e, f and Fig. S9), 
we obtain 7.2 × 1012 and 1.8 × 1013 cm− 2, respectively, i.e. relatively 
high dislocation densities (compare, for instance, to 6.2 × 1012–2.2 ×
1013 cm− 2 in CrN/AlN [18] and 2.4–4.7 × 1012 in TiN/AlCrN [15] 
superlattices). Considering that the areal dislocation density was ob
tained by counting the dislocations revealed by the (200), (1–11), and 
(-1–11) reflectors, our figures provide a lower bound on the dislocation 
density as some dislocation orientations do not give the contrast. The 
exact slip system cannot be uniquely identified from the Fourier-filtered 
images (Fig. 10 e, f) acquired along the [110] direction; the commonly 
observed closure loop vector in the image plane, a/4[11–2], is consistent 
with the projection of an a/2[110] Burgers vector, where a is the cubic 
lattice parameter. 

Lastly, the microstructure of the benchmark CAE coating has a 
nanolaminated structure with minor compositional variations due to the 
use of three targets with different Al/Cr ratios (see Methodology), and 
planetary rotation of the substrates. Also, microdroplets are ubiqui
tously distributed throughout the coating along with the voids formed in 
their vicinity (also visible in the SEM image of the micropillar in Fig. 7). 

3. Discussion 

Many of our results are coherent with earlier reports on Al-Cr-N 
coatings. Specifically, higher nitrogen pressure during the deposition 
process commonly leads to lower Al/(Al + Cr) and higher N/(Al + Cr) 
ratios [19,20], as well as a higher lattice parameter [21,22], residual 

stresses [22,23], hardness [20–22], and Young’s modulus [22], and 
reduced the wear rate [21]. Also, the effects of bias voltage are exten
sively studied: upon increasing –Ub, Al/(Al + Cr) and N/(Al + Cr) ratios 
[20,24] and lattice parameter commonly decrease, but residual stresses 
[22,25], hardness [21,25,26] and Young’s modulus [22] increase, and 
the wear rate slows down [22]. Too high a bias voltage can negatively 
affect hardness [20,22]. 

The effects of the power density on the structure–properties rela
tionship in Al-Cr-N coatings has also been widely studied in the past 
decade. An increased peak power density in MPP and HiPIMS (corre
sponds to the DCMS and F-MS modes in our study, respectively, see 
Fig. 1e) causes a denser microstructure and smoother surface, while 
columnar microstructure is commonly observed in the coatings sputter- 
deposited at low peak power densities [27–32]. This often leads to a 
significant enhancement of the mechanical properties in the MPP and 
HiPIMS coatings [27,31,32]. MPP and HiPIMS coatings also benefit from 
enhanced coating coverage and adhesion on complex geometries, such 
as, for instance, cutting tools, as the likelihood of shadowing effects is 
reduced [27]. 

The downside of using high peak power densities and hence high 
degree of ionisation is a phenomenon known as back-attraction of ions 
to the target resulting in considerably lower deposition rate [30,33]. 
Using the same deposition parameters, our F-MS and DCMS coatings 
showed the high deposition rates of 2.52 and 2.67 µm/h, respectively. 
(Note that the dark space shield was used in the DCMS mode reducing 
the deposition rate by a factor of two, see Fig. 1c.) A direct comparison 
with the results available in literature is, however, problematic because 
of the strong influence of the deposition conditions (power applied to 
the targets, partial and total pressure, distance between the target and 
substrate, etc.). For example, only nitrogen partial pressure varied by 
0.1 Pa in the F-MS mode resulted in the deposition rates ranging from 

Fig. 10. High-magnification bright-field XTEM (a, b) and Fourier-filtered HRTEM (c-f) of the F-MS (top row) and DCMS (bottom row) coatings. Yellow arrows in (a, 
b) indicate the inter- and intracolumnar pores (the latter can be observed at the top of the image). HRTEM images in (c, d) contains FFT insets and white squares 
highlighting the areas for selective reconstruction (e, f) by inverse fast Fourier transformation from the spots colour-coded in the FFT insets. The reconstructed 
HRTEM images show the dislocations (denoted by the symbol “⊥”) with edge components in the [110] zone axis. These were identified from the filtered lattice 
fringes (see Fig. S7 and S8) and superimposed on the Fourier-filtered HRTEM images. This provides correct numbers but does not show the exact locations of the 
cores (cf. the locations of the extra half planes in the Lomer locks). The Burgers circuits drawn with the colour-coded arrows demonstrate that some of the dislocations 
are identified from multiple crystal plane reflectors (e.g. for features consistent with Lomer dislocations). The scale bars are 500 nm in (a, b), 5 nm in (c, d), 1 nm in 
(e, f). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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1.5 to 3.6 µm/h. 
Of particular interest in the current study are thus fracture toughness 

and cutting performance, which received only little attention previ
ously. However, in order to provide insights into the mechanisms for the 
mechanical behaviour and wear of the coatings, microstructural pecu
liarities (including atomic structure and structural defects) need to be 
elucidated as well. Finally, we also discuss the potential of the novel F- 
MS technology for the coating industry. 

3.1. Structure 

3.1.1. Atomic structure 
All coatings are slightly superstoichiometric and have an Al/(Al +

Cr) ratio varying between 0.60 and 0.62, which is considerably below 
the solubility limit of Al in fcc-(Al,Cr)N being around 0.7 [34,35]. As a 
result, cubic solid solutions could be stabilised in all F-MS (and DCMS) 
coatings. As pN2 rises, N content in the coatings increases while Al/(Al +
Cr) ratio decreases (see Fig. S4). This might be caused by the lower 
sputtering rates of Al due to its preferential poisoning in the target and 
incorporation of nitrogen atoms into the lattice (as the lattice expands, 
too), respectively. By contrast, an increase of –Ub (except 60 V) results in 
a simultaneous decrease of Al/(Al + Cr) ratio and N content. (This is 
unlikely to be caused by resputtering as the resputtering rates at bias 
voltages below 150 V are generally low [36].) Considering the concur
rent shrinkage of the crystal lattice upon increasing –Ub, it becomes 
evident that variations of the Al/(Al + Cr) ratio between 0.60 and 0.62 
have little effect on the lattice size. In fact, <4 % of the total lattice 
expansion is due to the reduction of Al content since a decrease of Al 
content, x, from 0.62 to 0.60 results in a lattice enlargement from 4.1119 
to 4.1136 Å [12,13], i.e. by 0.0017 Å whereas the overall lattice 
enlargement observed in this study is 0.0460 Å. Hence, it is point defects 
that are primarily responsible for the lattice size variations. 

Among such point defects are the interstitial atoms, which form 
during the deposition process. High ionisation degree of nitrogen in the 
vicinity of the target results in nitrogen ions being attracted towards the 
target, which then can be backscattered with high energy by the heavy 
metal atoms [37] and subsequently subimplanted at the interstitial sites 
(in the tetrahedral voids, singly or in dimers with 111 split [38]). This 
idea is corroborated through the series of experiments with a stronger 
magnetic field (systematically larger lattice parameter), which results in 
a better confinement of the electrons thus increasing the probability of 
collisions and ionisation of N2 and Ar atoms. This leads to higher plasma 
densities and higher flux of energetic backscattered nitrogen atoms [39]. 
The concentration of such lattice defects can also be increased through 
the accelerated N2

+. This effect is clearly observed upon increasing bias 
voltage (and hence ion energy) up to 60 V. Other point defects like 
Frenkel pairs (i.e., nitrogen atoms dislocated from their original sites to 
the interstitial sites) can also increase the lattice parameter [40], yet, 
unlike interstitial atoms, they preserve the stoichiometry. Also Schottky 
defects, though decreasing the lattice parameter, cannot be ruled out as 
they generally have a relatively low energy of formation [41–43]. 
Accordingly, the most plausible hypothesis would be a combination of 
different point defects with a relatively high concentration of the 
interstitial atoms. However, since this question in beyond the scope of 
the current study, we examined this hypothesis separately [44]. 

3.1.2. Microstructure 
The microstructural differences between F-MS and DCMS can be 

understood with the aid of two fundamental parameters, which are often 
employed in an ion-assisted deposition to control the adatom mobility 
and nucleation rate (and hence the microstructure) of the metal nitride 
coatings – ion energy, Ei, and the incident ion-to-metal-atom flux ratio, 
Ji/JMe [45,46]. Since F-MS and DCMS coatings were both deposited 
under the same conditions, Ei contribution from Ar ions is effectively the 
same, and hence microstructural differences should arise from the dif
ferences in Ji/JMe. Given that in the F-MS process higher power densities 

result in a higher degree of ionisation of the sputtered particles [47] and 
thus higher Ji/JMe, the total energy delivered to the F-MS coating per 
deposited atom is considerably higher. Momentum transfer during 
intense ion bombardment leads to higher nucleation rates and density of 
the coatings [48,49]. 

A distinct difference of the DCMS coating is that the disruption of the 
local epitaxial growth and renucleation occur more frequently. Its 
microstructure is furthermore characterised by intercolumnar porosity 
(and even intracolumnar voids, although with a much smaller volume 
fraction) due to limited surface diffusion, which is indicative of a low- 
energy, low-flux ion irradiation [48]. (Although controlling Ei can 
densify the microstructure at low Ji/JMe, there is only a narrow interval 
of the ion energies leading to densification without substantial radiation 
damage and subimplantation [48].) Similar observations were made by 
Leroy et al. who compared HiPIMS and DCMS by sputtering a 
laboratory-scale tubular target [50,51]. Energy flux per deposited atom 
is up to several times higher for HiPIMS, irrespective of whether sput
tering is happening in metallic or “poisoned” regime [51]. Finally, the 
lower ion-to-metallic-atom ratio and resulting limited surface diffusion 
may have resulted in higher dislocation density and, combined with the 
deposition geometry (rotation of the substrates and different angular 
distribution functions of the Al and Cr), nanolayered structure of the 
DCMS coating. 

3.2. Mechanical properties 

3.2.1. Nanoindentation hardness and modulus 
As seen in the previous section, upon increasing nitrogen pressure, 

magnetic field strength (i.e. thinner targets), or bias voltage, the con
centration of defects exerting strains on the surrounding lattice in
creases. The lattice strain fields in turn provide impediments to 
dislocation motion resulting in strengthening and hardening [52–54]. In 
particular, higher nitrogen pressure and stronger magnetic field result in 
higher concentration of nitrogen atoms occupying interstitial sites and 
ultimately in higher hardness of the coating (Fig. 4a). (Too low nitrogen 
pressures might however favour the formation of vacancies on the ni
trogen sublattice, which can also exert strains on the surrounding lattice 
and impede dislocation motion and increase hardness [55].) Similarly, 
high defect density and hence hardness can be achieved by increasing 
bias voltage (Fig. 4b). For excessively high bias voltage, however, the 
tendency no longer holds true and a detrimental effect on hardness is 
commonly observed [20,26]. A possible reason is that too high a bias 
voltage and hence energy of the accelerated ions can reduce the amount 
of point defects, akin to the annihilation of Frenkel pairs in (V,Al)N [56]. 

For the grain boundaries (GBs) to inhibit the flow of dislocations, 
they have to be fully dense as micropores will act as stress concentrators 
and have detrimental effect on strength and hardness [52,57]. Stronger 
magnetic field can have a beneficial effect as higher flux of the back
scattered Ar atoms, which, unless fully thermalised, can increase the 
density of the growing coating though the momentum transfer. Signif
icantly more efficient is, however, to apply bias voltage and attract 
energetic Ar ions [58]. Despite using the similar deposition conditions, 
the DCMS coating grew with intergranular and, though to a much lesser 
extent, intragranular porosity (Fig. 11) and substantially lower hardness 
than the F-MS coating (Fig. 4a). The reason is, as described in the pre
vious section, considerably lower ionisation degree of the sputtered 
particles and the total energy delivered to the coating per deposited 
atom. Due to the inability to increase the incident flux ratio Ji/JMe in the 
DCMS process, higher densities and hence hardness of the coatings can 
be achieved by applying higher bias voltage. In TiN, for instance, 
densification of the microstructure was observed for -Ub above 120 V 
[58]. 

The effect of the deposition condition (nitrogen pressure, magnetic 
field strength, and bias voltage) on Young’s modulus of the F-MS coat
ings is modest, resulting in variation within the range 460–480 GPa. This 
suggests only small changes in the density and bonding character upon 
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increasing the defect concentration. The lowest pN2 (0.08 Pa at − 30 V) 
used in the F-MS study results, however, in considerably smaller E of 430 
± 24, which can be caused by the formation of vacancies as has been 
shown for metal nitrides [59]. The DCMS coating has a similar Young’s 
modulus, yet this seems to be caused by the microporosity (Fig. 10). 

Grain size appears to play a subordinate role in hardness and Young’s 
modulus. So, for instance, when comparing the line broadening for the 
(111) reflections (Fig. S2b), coatings deposited using the stronger 
magnetic field show lower full width at half maximum (FWHM) values, 
thus suggesting a larger size of the scattering domains. At the same time, 
higher hardness is consistently measured for this series of coatings. 
Similarly, smaller grains should decrease the Young’s modulus [60]. 
Although this seems to provide reasonable explanation for the coating 
deposited using the lowest nitrogen pressure showing a noticeably 
greater FWHM value (Fig. S2b) and thus a smaller size of the coherently 
scattering domains, the coating with by far the highest FWHM value (1◦) 
and the coatings with FWHM in the range 0.2–0.3◦ have similar Young’s 
moduli. Hence, a much greater impact can be ascribed to other effects, e. 
g. porosity [60]. 

3.2.2. Residual stress 
As shown in Fig. 11, hardness shows a pronounced correlation with 

the residual stresses with dH/d(-σ) of 1.4 ± 0.2 (in other words, increase 
of -σ by 1 GPa coincides with an increase of H by 1.4 GPa); the same 
correlation is observed in other nitride coatings [61]. Hardness is often 
observed to correlate with residual stresses in CrAlN [62] and coatings 
produced by means of physical vapour deposition (PVD) in general 
[63–66]. The correlation between Young’s modulus and residual 
stresses is much less pronounced with dE/d(-σ) of 3.8 ± 2.2 (in other 
words, increase of -σ by 1 GPa coincides with an increase of E by 3.8 
GPa) but can be several times higher, compare, for instance, TiAlN 
coatings with dE/d(-σ) of 11.6 [67]. 

The residual stresses in the coatings form primarily during the 
deposition process due to the microstructural and chemical defects (i.e. 
intrinsic stresses) and upon cooling from the deposition temperature due 
to the mismatch of the thermal expansion coefficients between coating 
and substrate [68–74]. Given that the small compositional variations in 
fcc-(Al0.6Cr0.4)N have a negligible effect on the thermal expansion co
efficient [75], residual stresses appear to be governed by the intrinsic 
stresses. As pointed out above, the intrinsic stresses are cumulated by 
microstructural and chemical defects which in turn can be, for instance, 

nitrogen atoms occupying the interstitial lattice sites (variation of pN2) 
or other point defects (e.g. Frenkel pairs [76]) but also line defects 
(variation of –Ub). The lower compressive stresses in the DCMS coating 
are likely to be due to the reduced density of the GBs allowing the 
stresses generated during the deposition process to relax [77] as well as 
the formation of dislocation dipoles (cf. Figs. S7 and S8) being favour
able for strain relaxation. 

3.2.3. Fracture toughness 
Residual stresses inevitably influence fracture toughness of the 

coatings. When assessing the fracture toughness using the nano
indentation cracking technique [78,79], apparent fracture toughness is 
observed to be dependent on the residual stresses [80]. (Although 
compressive residual stresses are effective in counteracting the stresses 
and strains experienced at the crack tip and hence in impeding crack, the 
structural integrity of the coating depends greatly on the strength of the 
grain boundaries [81].) To assess the intrinsic fracture toughness, the 
residual stresses have to be released. This can be achieved, for instance, 
in micropillar splitting testing, provided that the height of the micro
pillar is greater than its diameter (that is aspect ratio greater than 1) 
[82]. In the current study, both sputter-deposited coatings, F-MS and 
DCMS coatings, have relatively high fracture toughness with KC of 3.80 
± 0.19 and 3.87 ± 0.26 MPa√m, respectively (Fig. 6), which reach and 
even exceed KC of the benchmark CAE coating being 3.73 ± 0.50 
MPa√m. 

Generally, ceramic materials such as metal nitrides are inherently 
brittle at low temperatures due to the ease of crack nucleation and 
propagation. The former is due to the pre-existing micropores, which are 
the locations of the highest stress concentration, while the latter is due to 
a lack of appreciable plastic dissipation. If the microstructure is fully 
dense, plastic deformation in a ceramic material with a face-centred 
cubic structure primarily occurs by dislocation movement on the 
{111} or {110} planes (largely depending on the ionic contribution to 
the bonding, loading direction, temperature) along < 1–10 > or < 11–2 
> direction with the Peierls stress acting as the rate governing mecha
nism [17,52]. In the PVD coatings, however, fracture commonly occurs 
along the GBs which have a lower fracture resistance than the grain 
interior [83–85]. Accordingly, cracks in the coatings with columnar 
microstructure would traverse the entire thickness. Engineering the GBs 
to enable crack deflection or hinder crack propagation is an effective 
mechanism for energy dissipation [86,87]. It is widely used to improve 
fracture toughness, for instance, by activating delamination toughening 
[88], twisting and tilting columnar grains [89–92], in multilayer and 
superlattices [93–95], and combination thereof [96]. 

In fact, the relatively high KC values of the CAE and DCMS coatings 
are believed to be due primarily to their microstructure composed of 
many few-nm-thin layers with varying Al/(Al + Cr) ratios. Such 
compositional oscillations cause lattice mismatch and thus coherency 
stains along the interfaces. In addition, markedly higher dislocation 
densities in the DCMS coating (as compared to the F-MS coating) can 
improve toughness by dislocation motion before crack growth [97]. At 
the same time, voids forming in the vicinity of the microdroplets, which 
can reach several tens of nanometres in size (Fig. 7), act as stress raisers 
and can initiate a crack. As the probability of the existence of a void or 
void volume fraction varies from micropillar to micropillar, the wide 
spread of the KC values for the CAE coating appears reasonable. It also 
suggests that a substantial improvement of fracture toughness can be 
achieved if the void formation is prevented. 

Comparing the fracture toughness of our (Al,Cr)N coatings with CrN 
having 2.95 ± 0.23 MPa√m (as determined by means of micropillar 
splitting tests) [98], an addition of aluminium results in solid solution 
toughening by 29% (F-MS), 31% (DCMS), and 26% (CAE). An addition 
of a similar amount of Al to TiN, that is 60% on the metal sublattice, 
results in a comparable 42% increase of fracture toughness from 1.9 to 
2.7 MPa√m [99]. Since this is the first report on fracture toughness of 
(Al,Cr)N coatings carried out by means of micropillar splitting tests, we 

Fig. 11. Correlation between hardness (left axis) or Young’s modulus (right 
axis) and residual stresses. 
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cannot compare our results directly to the available results on (Al,Cr)N 
coatings. However, fracture toughness by means of cantilever bending 
test (KIC) was assessed in several recent studies on sputter-deposited 
(AlxCr1-x)N coatings. The values range from 2.35 MPa√m (x = 0.51, 
A. Drnovšek et al. [14]) to 1.3 MPa√m (x = 0.63, J. Buchinger et al. 
[15]). When attempting to draw a comparison between the results, it is 
important to keep in mind that fracture toughness determined in a single 
cantilever bending test is likely to be influenced by Ga+ ions sub
implanted in the notch during the FIB milling process. In micropillar 
splitting tests, by contrast, the initial sub-critical cracks generate in a 
region being largely unaffected by the FIB milling process. In a 
comparative study on CrN coatings [98], fracture toughness determined 
in a single cantilever bending test was found to be systematically higher 
than in micropillar splitting tests. Accordingly, our coatings have, pre
sumably, higher fracture toughness than any other sputter-deposited 
(Al,Cr)N coatings investigated previously. This might be possible 
because of higher cohesive energy of the columnar GBs resulting from 
the deposition process developed in this study. Finally, optimising F-MS 
processing conditions to match the DCMS dislocation content is envi
sioned to further improve toughness. 

3.3. Cutting performance 

In cutting tests, coatings deposited using high nitrogen pressures 
have previously been shown to result in lower wear rates [21]. A similar 
observation has been made in this study (Fig. 6b). As discussed above, 
higher nitrogen pressure during the deposition results in higher 
compressive residual stresses. This can improve fracture toughness, as 
compressive residual stresses can mitigate the stresses and strains arising 
at the crack tip and thus impede crack propagation. When comparing the 
F-MS and DCMS coatings having rather similar stress-free fracture 
toughness values (the mean value is 6% higher for the DCMS coating), 
the F-MS coating can be expected to show a substantially higher resis
tance to crack propagation with the compressive residual stresses being 
more than 6 times higher than in the DCMS coating (compare –σ = 4.3 
GPa and 0.7 GPa, respectively). Also, the F-MS coating is the hardest 
with H of 34.8 ± 3.2 GPa (17% and 13% harder than DCMS and CAE, 
respectively), so the highest resistance against abrasive wear was 
anticipated. However, the results of the cutting tests show that both the 
F-MS and DCMS coatings are equally effective in prolonging the tool life 
and both outperform the benchmark CAE coating. 

The semi-empirical criteria H/E (elastic strain to failure [100]) and 
H3/E2 (resistance to plastic deformation [101]) are often used to predict 
fracture toughness and wear resistance of the coatings [100,102]. Be
sides the relative simplicity in their assessment, these criteria can also 
account for the residual stresses (if nanoindentation testing is performed 
on the coated tool since residual stresses depend on the substrate ma
terial [103].) However, it has been shown that both criteria can lose 
their predictive power upon substantial changes of the microstructure 
[104,105]. In this study, F-MS, DCMS, and CAE coatings have H/E of 
0.07 ± 0.01, 0.07 ± 0.01, 0.07 ± 0.01, and H3/E2 of 0.19 ± 0.02 GPa, 
0.14 ± 0.02 GPa, 0.15 ± 0.02 GPa, respectively. This implies the best 
wear resistance of the F-MS coating, while rather similar results for the 
DCMS and CAE coatings. In other words, the semi-empirical criteria 
cannot explain the good wear resistance of the DCMS coating in the 
cutting tests. 

Besides abrasive wear, other fundamental mechanisms play an 
important role in the overall performance of the coating. These can 
include adhesion with the substrate and the chip from the work piece. 
The F-MS coatings have a considerably lower fraction of growth defects 
as compared to the DCMS and CAE coatings. Smoother surfaces 
commonly result in a lower wear rate [1,106]. The F-MS coating has a 
density comparable to that of the CAE coating, while the DCMS coating 
forms with the porous grain boundaries. This detrimentally affects not 
only the mechanical properties, but ultimately facilitates the inward 
diffusion of oxygen under the operating conditions, too. Besides, 

microstructure and elemental concentration and thus properties of the 
coating directly at the cutting edge and far from the edge where the 
measurements are commonly carried out (as here) can substantially vary 
[107,108]. Additionally, under conditions of interrupted cutting (e.g., 
end milling operations), elevated temperatures as well as thermal shock 
due to the temperature fluctuations and the cyclic impact can decisively 
affect the performance of the coatings. 

Therefore, given the complexity of the wear mechanisms being 
activated during the cutting tests, the semi-empirical criteria based on 
the room-temperature hardness, Young’s modulus, and fracture tough
ness might quickly lose their predictive power for the wear resistance. 
Hence, further investigations at cutting temperatures and loading con
ditions at the cutting edges are needed in order to link the performance 
of a wear-resistant coating with its properties. 

4. Conclusions 

A novel technology allowing one to sputter industrial-size tubular 
targets at high-plasma power densities (F-MS) has been developed. This 
is achieved by a longitudinal movement of the magnetron inside the 
target. To assess the quality and performance of the F-MS coatings, we 
first optimised the process parameters by sputtering an Al60Cr40 target 
using different nitrogen pressures, bias voltages, and (though indirectly) 
strengths of magnetic field. All coatings were single-phase with a face- 
centred cubic structure and (111) preferential orientation, fully dense 
microstructure, and much lower volume fraction of the growth defects 
and surface roughness than in the benchmark coating produced by 
means of cathodic arc evaporation (CAE). Despite similar toughness 
values, the F-MS coatings show up to 150 % better wear resistance than 
the benchmark CAE coating. These outstanding results, along with the 
potential for further improvement through microstructural design, attest 
great capabilities of this technology in producing wear-resistant coatings 
for advanced engineering applications. 

5. Methodology 

The benchmark CAE (AlxCr1-x)N coatings were deposited on rotating 
substrates (3-fold rotation) at 480 ◦C by simultaneously evaporating 
three alloyed tubular targets Al70Cr30, Al55Cr45, and Al70Cr30 (99.95% 
purity, Ø110x510 mm, PLANSEE Composite Materials GmbH, Germany) 
in a π411 industrial PVD unit (PLATIT AG, Switzerland) in a nitrogen 
atmosphere, using a process pressure of 3.8 Pa, and a bias voltage of 
− 40 V during the first third of the deposition process, followed by − 180 
V for the remaining duration. 

The F-MS coatings were deposited in a π411 industrial PVD unit 
(PLATIT a.s., Czech Republic) from an Al60Cr40 rotating tubular target 
(99.95% purity, Ø110x510 mm, PLANSEE Composite Materials GmbH, 
Germany), with a magnetron moving longitudinally inside (see Fig. 1c), 
at 480 ◦C and Ar pressure of 0.27 Pa. By using a DC power supply with a 
total output power of 25 kW, three series of coatings were produced. 
Two series were produced at different nitrogen pressures applying a bias 
voltage of − 30 V. Here, one series was produced from a pristine target, 
another – after extensive use of the target, hence from a substantially 
thinner target. In doing so, we were aiming at investigating the effect of 
the magnetic field strength (the thinner the target the stronger the 
magnetic field [39,109]. Here, the magnetic field strength increased 
from 51 ± 1 mT in the first series up to 72 ± 4 mT in the second, 
constituting an approximate 40% increase). The third series of the (Al, 
Cr)N coatings was produced by changing the bias voltage from − 30 V to 
− 150 V. For comparison, the deposition conditions used for the F-MS 
coating performing best in cutting tests (25 kW DC power supply, 0.12 
Pa process pressure, − 60 V bias voltage) were used to deposit a coating 
with a conventional magnetron inside of the same Al60Cr40 rotating 
tubular target (which is referred to as DCMS in the current article, see 
Fig. 1c). 

Due to the planetary rotation of the substrates, the distance between 
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the substrates and the target varied between 6 and 18 cm. For micro
structural investigations and nanoindentation tests, coatings with a 
thickness of about 3.5 µm were deposited on WC-Co (SANDVIK Grade 
H10F, 10 mol. % Co) substrates. For micromechanical studies, much 
thicker coatings (between 8 and 10 µm) were deposited on Co-free WC 
substrates (PLANSEE Composite Materials GmbH, Germany). 

Bragg-Brentano X-ray diffraction (BBXRD) of monochromised CuKα 
radiation (λ = 1.5406 Å) was used to gain information about the phase 
composition and preferential orientation, while glancing angle XRD 
(GAXRD) with an incident angle γ of 3◦ was used to assess the phase 
composition, stress-free lattice parameter, and residual stress of the 
cubic phase based on a modified sin2ψ method [110]. Chemical 
composition by energy dispersive X-ray spectroscopy (EDS), which was 
calibrated using a CrN standard (Ardennes Analytique Hungary Kft). A 
detailed transmission electron microscopy (TEM) of focused ion beam 
(FIB) prepared liftouts, using bright- and dark-field STEM imaging, and 
small-area chemical mapping by STEM-EDX. 

Nanoindentation analysis was carried out using a quasi-continuous 
stiffness measurement (QCSM) technique (ZwickRoell). Here, the 
applied force is increased in steps and a sinusoidal oscillation is super
imposed on the Piezo voltage. Besides, two reference samples with 
distinctly different elastic moduli were used for the area tip and 
compliance calibration as described in detail in Ref. [111]. These ma
terials are SiO2 (E = 72 GPa, ν = 0.17) and Al2O3 (E = 410 GPa, ν =
0.234). Indentation hardness, H, and modulus, E, of our thin films were 
then obtained by evaluating the load–displacement curves of nano
indentation tests (Berkovich diamond tip and the loads up to 100 mN) 
after Oliver and Pharr [112] and as described in detail by A.C. Fischer- 
Cripps [113]. A subsequent test on Al2O3 yields H of 24.9 ± 2.0 GPa and 
E of 413 ± 16 GPa (and comparable 25.4 ± 1.9 GPa and E of 395 ± 15 
GPa when the tip area calibration is done using solely SiO2), thus 
providing a lower bound of the previously reported values 
[111,112,114]. A Poisson’s ratio of fcc-(AlxCr1-x)N show only minor 
departures from 0.2 for x within the range 0.54–0.63 as follows from the 
calculations based on the density functional theory [13]. 

Fracture toughness was assessed using micropillar splitting tech
nique [115]. The micropillars were fabricated using a focused ion beam 
(FIB, Tescan, Czech Republic) in a two-step process. The rough milling to 
5 µm diameter was performed at about 4nA, while polishing down to 
about 3 µm was done at about 200 pA. In-SEM micropillar splitting tests 
were carried out using a nanoindenter (Alemnis AG, Switzerland) in 
displacement-controlled mode using a cube-corner tip (Synton AG, 
Switzerland). The critical load before the fracture is reached, PC, was 
used together with the radius of the pillars, R, to assess fracture 
toughness, KC: 

KC = γ
PC

R3/2  

with γ being a coefficient depending on the indenter tip geometry as well 
as hardness and Young’s modulus of the coating [116] (See Fig. S5 for 
more information). 

To evaluate the cutting performance of the coatings in real working 
conditions, dry trochoidal milling tests were carried out according to 
ISO 8688 (Fehlmann Picomax 60-M, Fehlmann AG, Switzerland). End 
mills (MB-NVDS, Fraisa AG, Switzerland) coated with the selected 
coatings were used to machine AISI P20 + S tool steel (HRC 28) with the 
following composition: 0.40 wt% C, 0.40 wt% Si, 1.50 wt% Mn, 1.90 wt 
% Cr, 0.20 wt% Mo, 0.06 wt% S. Cutting speed and feed rate per tooth 
were set to 177 m/min and 0.179 mm/rev., respectively. The radial and 
axial cutting depths were 0.6 and 10 mm, respectively. The total wear 
was evaluated after removing 2500 cm3 of the tool steel. 
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[14] A. Drnovšek, H.T. Vo, M.R. de Figueiredo, S. Kolozsvári, P. Hosemann, R. Franz, 
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system: role of vacancies in phase stability and mechanical properties, Mater. Des. 
202 (2021), 109568. 

[62] S. Ulrich, H. Holleck, J. Ye, H. Leiste, R. Loos, M. Stüber, P. Pesch, S. Sattel, 
Influence of low energy ion implantation on mechanical properties of magnetron 
sputtered metastable (Cr, Al) N thin films, Thin Solid Films 437 (1–2) (2003) 
164–169. 

[63] D.T. Quinto, Mechanical property and structure relationships in hard coatings for 
cutting tools, J Vac Sci Technol A 6 (3) (1988) 2149–2157. 

[64] Z.-H. Xu, X. Li, Influence of equi-biaxial residual stress on unloading behaviour of 
nanoindentation, Acta Mater. 53 (7) (2005) 1913–1919. 

[65] L. Karlsson, A. Hörling, M. Johansson, L. Hultman, G. Ramanath, The influence of 
thermal annealing on residual stresses and mechanical properties of arc- 
evaporated TiCxN1− x (x= 0, 0.15 and 0.45) thin films, Acta Mater. 50 (20) 
(2002) 5103–5114. 

[66] N. Huber, J. Heerens, On the effect of a general residual stress state on 
indentation and hardness testing, Acta Mater. 56 (20) (2008) 6205–6213. 

[67] M. Hans, L. Patterer, D. Music, D.M. Holzapfel, S. Evertz, V. Schnabel, B. Stelzer, 
D. Primetzhofer, B. Völker, B. Widrig, A.O. Eriksson, J. Ramm, M. Arndt, 
H. Rudigier, J.M. Schneider, Stress-dependent elasticity of TiAlN coatings, 
Coatings 9 (1) (2019) 24. 

[68] R. Hoffman, The mechanical properties of thin condensed films, in: G. Hass, R. 
Thun (Eds.), Physics of Thin Films, (1966). 

[69] M.F. Doerner, W.D. Nix, Stresses and Deformation Processes in Thin-Films on 
Substrates, Crc Critical Reviews in Solid State and Materials Sciences 14 (3) 
(1988) 225–268. 

[70] H. Oettel, R. Wiedemann, S. Preissler, Residual stresses in nitride hard coatings 
prepared by magnetron sputtering and arc evaporation, Surf. Coat. Technol. 74 
(1995) 273–278. 

[71] G.C.A.M. Janssen, Stress and strain in polycrystalline thin films, Thin Solid Films 
515 (17) (2007) 6654–6664. 

[72] R. Daniel, K.J. Martinschitz, J. Keckes, C. Mitterer, The origin of stresses in 
magnetron-sputtered thin films with zone T structures, Acta Mater. 58 (7) (2010) 
2621–2633. 

[73] E. Chason, P.R. Guduru, Tutorial: Understanding residual stress in polycrystalline 
thin films through real-time measurements and physical models, J. Appl. Phys. 
119 (19) (2016), 191101. 

[74] G. Abadias, E. Chason, J. Keckes, M. Sebastiani, G.B. Thompson, E. Barthel, G. 
L. Doll, C.E. Murray, C.H. Stoessel, L. Martinu, Review article: stress in thin films 
and coatings: current status, challenges, and prospects, J. Vac. Sci. Technol. A 36 
(2) (2018), 020801. 

F.F. Klimashin et al.                                                                                                                                                                                                                            

http://refhub.elsevier.com/S0264-1275(23)00969-3/h0085
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0085
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0090
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0090
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0090
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0095
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0095
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0095
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0100
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0100
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0100
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0105
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0105
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0105
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0110
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0110
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0110
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0115
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0115
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0115
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0120
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0120
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0120
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0125
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0125
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0125
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0130
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0130
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0130
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0135
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0135
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0135
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0135
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0140
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0140
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0140
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0145
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0145
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0145
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0145
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0150
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0150
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0150
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0155
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0155
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0155
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0160
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0160
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0160
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0165
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0165
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0165
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0170
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0170
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0170
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0175
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0175
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0175
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0180
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0180
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0180
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0180
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0185
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0185
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0185
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0190
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0190
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0190
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0195
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0195
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0195
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0200
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0200
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0200
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0200
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0205
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0205
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0205
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0210
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0210
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0215
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0215
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0215
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0225
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0225
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0225
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0225
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0240
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0240
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0240
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0245
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0245
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0250
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0250
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0250
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0255
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0255
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0255
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0255
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0260
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0270
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0270
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0275
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0275
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0275
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0280
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0280
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0280
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0280
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0285
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0285
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0290
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0290
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0290
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0295
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0295
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0295
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0300
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0300
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0305
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0305
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0305
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0310
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0310
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0310
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0310
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0315
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0315
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0320
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0320
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0325
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0325
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0325
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0325
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0330
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0330
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0335
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0335
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0335
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0335
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0345
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0345
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0345
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0350
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0350
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0350
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0355
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0355
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0360
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0360
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0360
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0365
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0365
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0365
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0370
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0370
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0370
http://refhub.elsevier.com/S0264-1275(23)00969-3/h0370


Materials & Design 237 (2024) 112553

12

[75] M. Bartosik, D. Holec, D. Apel, M. Klaus, C. Genzel, J. Keckes, M. Arndt, P. Polcik, 
C. Koller, P. Mayrhofer, Thermal expansion of Ti-Al-N and Cr-Al-N coatings, Scr. 
Mater. 127 (2017) 182–185. 

[76] D. Music, L. Banko, H. Ruess, M. Engels, A. Hecimovic, D. Grochla, D. Rogalla, 
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