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A B S T R A C T

The role of light elements in ceramic materials cannot be overestimated. By tuning their concentration, a whole 
multitude of mechanisms can be activated, directly influencing the material’s functional properties. However, 
accurate determination of light element concentrations remains a challenge and is often, especially in super
stoichiometric compounds, overlooked. Here, we provide atomic-scale insight into nitrogen incorporation in 
superstoichiometric (Al,Cr)Nx coatings (x = 1.01–1.11) with similar Al/(Al+Cr) ratios (0.59–0.63) by combining 
elemental concentrations, stress-free lattice parameters, and ab initio calculations. Below a threshold of x ≈
1.06–1.08, excess nitrogen predominantly occupies interstitial lattice sites, while beyond this point, it can also 
incorporate into vacant metal sites (anti-sites).

We then conducted a detailed investigation on two superstoichiometric coatings: (Al,Cr)N1.08, with nitrogen 
near the threshold, and (Al,Cr)N1.11, which exceeds it. While (Al,Cr)N1.08 features densely packed, elongated 
fibrous grains with a strong (111) growth orientation, (Al,Cr)N1.11 develops a fine-grained microstructure with a 
(220) growth orientation. These structural changes significantly affect mechanical properties: (Al,Cr)N1.08 is 9 % 
harder (34.4 GPa vs. 31.6 GPa) with superior abrasive resistance, while (Al,Cr)N1.11 has 9 % higher fracture 
toughness (4.15 MPa√m vs. 3.80 MPa√m) and enhanced microcracking and crack-branching behaviour. Our 
findings not only demonstrate the tunability of mechanical properties in superstoichiometric (Al,Cr)Nx coatings 
but also highlight the broader potential of superstoichiometric nitrides and ceramics for advanced applications.

1. Introduction

Ceramic materials including metal carbides, nitrides, and oxides, are 
widely used in modern applications due to their exceptional properties, 
such as high melting points, mechanical strength, and chemical stability. 
Many of these materials are strongly non-stoichiometric compounds, 

characterised by broad homogeneity ranges in their phase diagrams [1].
Deviations from stoichiometry can occur in various ways leading to 

the formation of both substoichiometric and superstoichiometric com
pounds. The substoichiometric compounds often form due to anion va
cancies, which are thermodynamically inevitable in crystalline solids as 
they increase entropy. Their concentration in metal carbides, nitrides, 
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and oxides can exceed 50 % without destabilising the crystal structure. 
Non-equilibrium synthesis techniques, such as physical vapour deposi
tion (e.g., magnetron sputtering), can produce even higher concentra
tions of anion vacancies [2], further expanding the homogeneity range 
of these materials. In contrast, superstoichiometry can arise from mul
tiple types of point defects. While in some superstoichiometric com
pounds, such as cubic (Ti0.5Al0.5)N, cation vacancies are energetically 
favoured over other point defects [3], in others, like CrN, nitrogen atoms 
occupying interstitial or anti-site positions are as likely as cation va
cancies [4].

The role of point defects in such materials cannot be overestimated. 
By tuning their concentration, a whole multitude of mechanisms can be 
activated that directly influence the properties. The effects of vacancies, 
particularly in substoichiometric compounds, have been extensively 
studied. They can, for instance, affect valence electron concentration 
and with that the occupancy of shear-sensitive and shear-resistant 
bonding states, thus directly influencing hardness [5], elastic proper
ties [6] and fracture toughness [7–9]. Vacancies can also exert strains on 
the surrounding crystal lattice, with the lattice strain fields impeding the 
motion of dislocations and as such resulting in strengthening and 
hardening [1,10,11]. They can also improve the electrocatalytic per
formance [12], optical properties [13,14], and significantly affect the 
formation energy allowing to stabilise metastable materials [15–17].

However, the impact of other point defects, such as interstitials, on 
structure-property relationships remains largely unexplored. This lack 
of knowledge inspired our investigation into superstoichiometric (Al,Cr) 
Nx coatings (x > 1). We recently produced a series of (Al,Cr)Nx coatings 
with x ranging from 1.01 to 1.08 via reactive sputtering of a compound 
target at high power densities using a DC power supply [18]. (These 
power densities are comparable to the peak power densities in 
high-power impulse magnetron sputtering, HiPIMS [19–21], yet since 
the sputtering process is continuous and not pulsed, it is more accurately 
referred to as high-ionisation magnetron sputtering, HIMS [22].) How
ever, the localisation of excess nitrogen and the superstoichiometry ef
fects have not been addressed [18]. Here, we extended the x range to 
1.11 and, by combining computational and experimental techniques, 
identified the locations of excess nitrogen in superstoichiometric (Al,Cr) 
Nx coatings, providing fundamental explanations for their properties 
and cutting performance. These findings are envisioned to be applicable 
to other superstoichiometric ceramic coatings, particularly metal 
nitrides.

2. Materials and methods

2.1. Experimental

The coatings were deposited in a π411 industrial PVD unit (PLATIT a. 
s., Czech Republic) from an Al60Cr40 tubular target (99.95 % purity, 
Ø110 × 510 mm, PLANSEE Composite Materials GmbH, Germany) 
using a DC power supply with a total output power of 25 kW (peak 
power densities of 840 W/cm2). The (Al,Cr)Nx coatings with x values 
ranging from 1.01 to 1.08 were produced in our previous study by 
varying nitrogen pressure, bias voltage, and magnetic field strength (see 
Ref. [18]). Two additional coatings were deposited here: one within the 
established range (x = 1.06) for verification purposes, and one outside 
this range (x = 1.11) to explore superstoichiometry across a broader x 
range. (Table S1 in the Supplementary Material provides an overview of 
the elemental compositions of coatings included in both the present 
work and our previous study.) Of particular interest were two coatings 
with x = 1.08 and 1.11, which underwent detailed microstructural and 
micromechanical analyses, as well as cutting tests. All coatings were 
deposited on WC–Co (SANDVIK Grade H10F, 10 mol. % Co) substrates 
at 480 ◦C. For TEM and micromechanical studies, coatings with thick
ness of about 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 con
stituent phases and preferential orientation, while glancing-angle XRD 
(GAXRD) with an incident angle γ of 3◦ was used to assess the stress-free 
lattice parameter and residual stresses of the cubic phase based on a 
modified sin2ψ method [23].

Chemical composition was determined by energy dispersive X-ray 
spectroscopy (EDS), which was calibrated using a CrN standard (Ard
ennes Analytique Hungary Kft). To confirm the changes in the nitrogen 
concentration, we furthermore performed elastic recoil detection anal
ysis (ERDA) using a 13-MeV 127I ion beam and combining a time-of- 
flight spectrometer with a gas ionisation chamber [24], and Raman 
spectroscopy (HeNe laser, 632.8 nm). A detailed transmission electron 
microscopy (TEM, FEI Titan Themis 200, ThermoFisher) study of 
focused ion beam (FIB) prepared liftouts used bright- and dark-field TEM 
as well as high-resolution (HR-TEM) imaging. The selected area electron 
diffraction (SAED) isolates a 4-µm diameter region of the sample.

Nanoindentation analysis was carried out using a quasi-continuous 
stiffness measurement (QCSM) technique (ZwickRoell). For a detailed 
description of the technique as well as the tip area function and in
strument compliance calibration see Refs. [18,25]. A test on bulk 
reference Al2O3 yields indentation hardness, H, of 24.9 ± 2.0 GPa and 
modulus, E, of 413 ± 16 GPa, thus providing a lower bound of the 
previously reported values [25–27]. Using a Berkovich diamond tip 
under the maximum load of 200 mN and analysing the load–displace
ment curves according to Oliver and Pharr [27], depth-resolved H and E 
profiles of the coatings were obtained. The evaluation of the 
coating-only H and E is described in detail by Fischer-Cripps [28]. A 
Poisson’s ratio of stoichiometric fcc-(Al,Cr)N shows only minor de
partures from 0.2 for the Al/(Al+Cr) ratios within the range 0.59–0.63 
as follows from the ab initio calculations [29].

Fracture toughness was assessed using the micropillar splitting 
technique [30]. The micropillars were fabricated using a Ga+ FIB (Lyra3, 
Tescan, Czech Republic) in a two-step process. The rough milling to 5 µm 
diameter was performed at about 4 nA, 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 for fracture, PC, along with the pillar 
radius, R, was used to evaluate the fracture toughness, KC: 

Kc = γ
Pc

R3/2 (1) 

with γ being a coefficient depending on the indenter tip geometry as well 
as hardness and Young’s modulus of the coating [31].

To evaluate the cutting performance of the coatings in real working 
conditions, two types of cutting tests were conducted: face milling and 
fly cutting (a single-tooth cutting test simulating gear hobbing [32]). 
The face milling tests with minimum quantity lubrication (MQL) were 
performed on Fehlmann Picomax 60-M (Fehlmann AG, Switzerland). 
The selected coatings were deposited on end mills (MB-NVDS, Fraisa AG, 
Switzerland) which were then used to machine a C45 steel plate (HB 
200) with the following composition: 0.45 wt. % C, 0.67 wt. % Mn, 0.27 
wt. % Si, 0.21 wt. % Cr, 0.13 wt. % Ni, 0.10 wt. % Cu, 0.006 wt. % P, 
0.001 wt. % S. The cutting speed and feed rate were set to 200 m/min 
and 0.32 mm/rev, respectively, with radial and axial cutting depths of 4 
mm each. Total tool wear was assessed after removing 2500 cm3 of 
material from the steel plate. The dry fly cutting of 20MnCr5 
(AISI5120H, HRB 85) gear blanks was carried out on a Liebherr LC180 
gear cutting machine using the teeth (PM-HSS type S390) from an 
original hob obtained by wire erosion [33]. The gearing parameters 
were set to a modulus of 4 mm, a pressure angle of 20◦, gear width of 60 
mm and a tip diameter of 114 mm. Cutting speed and feed rate were set 
to 220 m/min and 6.9 mm/rev, respectively. The wear resistance was 
evaluated once the flank wear exceeded 130 µm or the crater wear 
exceeded 100 µm.
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2.2. Computational

The experimental investigations of superstoichiometric fcc-(Al,Cr)Nx 
were supported by theoretical modelling of fcc-CrNx and fcc-AlNx, based 
on the cubic NaCl-type structure (Fm-3m , #225) and using 2 × 2 × 2 
conventional supercells (64 lattice sites). Lattice constants, a0, and for
mation energies, Ef, for the superstoichiometric compositions were 
calculated as weighted averages from several symmetry inequivalent 
structures containing the given number of nitrogen interstitials (0–3 
defects per supercell, x = 1.00–1.09) or anti-sites (0–2 defects per 
supercell, x = 1.00–1.13). The paramagnetic structure of fcc-CrNx was 
generated as quasi-random distribution of spin-up and spin-down Cr 
atoms (with initial local magnetic moments of ±2.3 μB/Cr) according to 
the Special Quasi-Random Structure (SQS) method [34]. In the first 
approximation, the effect of excess nitrogen on the lattice size of the 
solid solution fcc-(Al,Cr)Nx can be assessed by comparing the lattice 
expansion rates upon increasing the concentration of nitrogen, x, (i.e. 
da0/dx slopes) in fcc-CrNx and fcc-AlNx and assuming that it changes 
linearly with the metal fraction in the solid solution fcc-(Al,Cr)Nx.

Density Functional Theory (DFT) calculations were carried out 
employing the Vienna Ab-initio Simulation Package (VASP) [35,36] 
together with the projector augmented plane wave (PAW) pseudopo
tentials. Exchange and correlation effects were treated using the 
Perdew-Burke-Ernzerhof (PBE) generalised gradient approximation 
(GGA) [37]. The plane-wave cut-off energy was set to 500 eV, and 7 × 7 
× 7 Monkhorst–Pack k-vector sampling of the Brillouin zone was used. 
Atomic positions and cell shapes and volumes were relaxed with 0.1 
meV (per simulation box) convergence threshold for the total-energy 
change. Formation energies, Ef, of the individual defected materials 
were obtained by the equation: 

Ef= (Et −
∑

i
niμi)/

∑

i
ni (2) 

where Et is the total energy, ni is the number of atoms of species i, and μi 
is the chemical potential of atomic species i (i.e. fcc-Al, antiferromag
netic bcc-Cr, or ½N2).

3. Results

In our previous study [18], we synthesised a series of (Al,Cr)Nx 
coatings (x = 1.01–1.08, Al/(Al+Cr) = 0.59–0.62) via reactive sput
tering at high power densities, without specifically addressing the dis
tribution of excess nitrogen or the implications of superstoichiometry. 

Here, we extend this series to x = 1.11 (Al/(Al+Cr) = 0.63). While we 
discuss the full composition range (x = 1.01–1.11) to gain atomic-scale 
insight into nitrogen incorporation in the lattice, our microstructural 
and mechanical analyses primarily focus on two key compositions, 
(Al0.62Cr0.38)N1.08 and (Al0.63Cr0.37)N1.11. (For clarity, as nitrogen drives 
the major microstructural changes, we refer to these coatings as (Al,Cr) 
N1.08 and (Al,Cr)N1.11, respectively.)

The experimentally determined stress-free lattice parameter, a0, 
shows a broadly linear increase with nitrogen concentration (see Fig. 1). 
However, the (Al,Cr)N1.11 coating shows a notable deviation from this 
trend. To better understand the impact of nitrogen on the lattice 
parameter, we performed ab initio calculations for superstoichiometric 
fcc-CrNx and fcc-AlNx, considering nitrogen occupying either interstitial 
or vacant metal sites (anti-sites). The ab initio results reveal that nitrogen 
similarly affects the lattice parameter in both superstoichiometric fcc- 
CrNx and fcc-AlNx, with lattice expansion rates da0/dx of 0.96±0.04 Å 
and 1.04±0.04 Å for interstitial sites, and − 0.01±0.01 Å and 0.04±0.04 
Å for anti-sites, respectively (see Fig. S1). Based on these findings, it is 
reasonable to assume that excess nitrogen in superstoichiometric fcc-(Al, 
Cr)Nx would influence the lattice parameter in a similar manner. 
Therefore, lattice expansion in our superstoichiometric (Al,Cr)Nx coat
ings with x up to 1.06–1.08 is likely due to nitrogen predominantly 
occupying interstitial sites. At higher nitrogen concentrations (x >
1.08), no further lattice expansion occurs, potentially indicating that 
nitrogen atoms begin to occupy anti-sites.

It is worth noting that the generalised gradient approximation (GGA) 
in ab initio calculations leads to an overestimation of the lattice constant 
by about 0.7 % [38]. Considering the shortcoming of GGA, the 
computed lattice parameter for stoichiometric fcc-(Al0.6Cr0.4) 
N1.00—with a metal ratio closely matching that of our experiments—of 
4.114 Å [39] (4.1090 Å [29]) is thus corrected to 4.085 Å (4.080 Å). This 
is coherent with our observations when extrapolating the experimental 
values back to x = 1 (see Fig. 1).

X-ray diffraction experiments in a Bragg-Brentano configuration 
(BBXRD) reveal that the coatings are single-phase face-centred cubic 
(fcc), see Fig. 2 (and Fig. S2 for GAXRD). While (Al,Cr)N1.08 exhibits a 
preferred (111) growth orientation, (220) growth is favoured in (Al,Cr) 
N1.11.

Cross-sectional TEM (XTEM) investigations of the (Al,Cr)N1.08 and 
(Al,Cr)N1.11 coatings are compared in Figs. 3 and 4, respectively. Both 
coatings initially grow with randomly oriented small grains (Figs. 3b 
and 4b). In (Al,Cr)N1.08, they evolve in tightly packed, elongated fibrous 

Fig. 1. Stress-free lattice parameter, a0, of (Al,Cr)Nx as a function of nitrogen 
content, x, determined experimentally and computationally (weighted average 
of CrNx and AlNx, corrected for a 0.7 % overestimation by GGA [38]). Solid blue 
and black symbols are (Al,Cr)N1.08 and (Al,Cr)N1.11, respectively.

Fig. 2. X-ray diffractograms (Bragg-Brentano geometry) of the (Al,Cr)N1.08 
(blue) and (Al,Cr)N1.11 (black) coatings on WC–Co substrates as well as that of 
an uncoated WC–Co substrate. The reference lines indicate the peak positions 
for fcc-AlN (ICDD 00–046–1200) and fcc-CrN (ICDD 01–076–2494).
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grains (Fig. 3a), while in (Al,Cr)N1.11, the grains further refine and 
become slightly elongated in the growth direction (Fig. 4a). This is 
further supported by SAED patterns showing continuous diffraction 
rings near the substrate interface, indicating fine grains with high 
mosaicity in both coatings. After the initial growth stage (about 500 
nm), however, the (Al,Cr)N1.08 coating exhibits discrete diffraction 
spots, indicating relatively large grains, whereas the (Al,Cr)N1.11 coating 
displays a continuous ring pattern, characteristic of fine grains (cf. 
Figs. 3c and 4c). These observations are corroborated by dark-field 
XTEM images (Figs. 3e and 4e).

The SAED analysis further confirms the constituent phases, as evi
denced by the indexed profiles in Figs. 3c, 3d and 4c, 4d. The SAED 
patterns of the (Al,Cr)N1.08 coating confirm that the coating is single- 
phase face-centred cubic, with diffraction in the direction of growth 
primarily occurring on the (111) planes (Fig. 3c, d), indicating a highly 
textured coating. In (Al,Cr)N1.11, however, in addition to reflections 
from the fcc phase, low-intensity continuous rings indicate the presence 
of a hexagonal phase that is XRD-amorphous. (It is noteworthy that if the 
forming hexagonal phase is stoichiometric, the value of x in the cubic 
phase (Al,Cr)Nx should actually exceed x = 1.11, but not surpass 1.12, 
assuming the hexagonal phase fraction is <10 %. Therefore, we continue 
to refer to it as (Al,Cr)N1.11.) Diffraction in the growth direction pri
marily occurs on the (220) planes, although the broader ring peaks 
compared to (Al,Cr)N1.08 indicate a weaker texture.

Analysis of the high-resolution TEM (HRTEM) images shown in 
Figs. 3f and 4f reveals that the (Al,Cr)N1.08 and (Al,Cr)N1.11 coatings 
have a comparable density of dislocations in the grain interior (see 
Fig. S4 and S5 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 [40,41], we obtain 7.2 × 1012 cm-2 and 8.5 × 1012 cm-2, 
respectively. These are relatively high dislocation densities (compare, 
for instance, to 6.2 × 1012–2.2 × 1013 cm-2 in CrN/AlN [42] and 2.4–4.7 
× 1012 in TiN/AlCrN [43] superlattices). Considering that the areal 
dislocation density was obtained 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 (Figs. S4 and S5) 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.

Nanoindentation measurements, Fig. 5, reveal that the (Al,Cr)N1.08 
and (Al,Cr)N1.11 coatings exhibit hardness, H, values of 34.4 ± 2.9 GPa 
and 31.6 ± 2.1 GPa, respectively, averaged over penetration depths of 
0.2 to 0.5 µm. Extrapolation of the indentation modulus data for pene
tration depths greater than 0.2 µm back to zero penetration yields 
modulus, E, values of 467±27 GPa and 373±20 GPa, respectively. The 
hardness of both (Al,Cr)N1.08 and (Al,Cr)N1.11 falls within the range 
30–36 GPa measured for all superstoichiometric compositions in our 
previous study [18]. The elastic modulus of (Al,Cr)N1.08 is also consis
tent with the range of the superstoichiometric compositions 460–480 
GPa, whilst E of (Al,Cr)N1.11 is strikingly low.

For the micropillar splitting tests, the nanoindentation results were 
used to assess the gamma coefficients (Fig. S6). The (Al,Cr)N1.08 and (Al, 
Cr)N1.11 coatings exhibit fracture toughness values (KC) of 3.80±0.19 
and 4.15±0.13 MPa√m, respectively (Fig. 6). For comparison, bench
mark industrial cathodic arc evaporation (Al,Cr)N coating with a similar 

Fig. 3. Bright-field TEM images of the top (a) and bottom (b) halves of the (Al,Cr)N1.08 coating. The corresponding SAED patterns with radially integrated intensity 
profiles (c) and (d), respectively. The grey lines in (c) and (d) indicate the positions obtained for a NaCl-type phase with a lattice parameter of 4.13 Å. The dark-field 
image (e) was obtained using an aperture over the circled region in the diffraction pattern shown in (c), with the circle indicating the approximate selection area. The 
HRTEM image is shown in (f). The arrow in (a) indicates the growth direction.
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Al/(Al+Cr) ratio has an average KC of 3.73±0.50 MPa√m [18]. The 
load-displacement curves and SEM images show the typical fracture of 
the micropillars for each coating. We note that KC was effectively the 
same regardless of whether the pillar underwent a 3-way or a 2-way split 
upon the initial load drop following maximum load, as we commented 
previously [18].

In the cutting tests, varied performance outcomes were observed, 

with the (Al,Cr)N1.08 coating demonstrating the highest wear resistance 
in the end milling test, while the (Al,Cr)N1.11 coating exhibited superior 
performance in the fly cutting test. In the end milling test, after 
removing 2500 cm3 of the tool steel, the end mills coated with (Al,Cr) 
N1.08 show lower wear than those coated with (Al,Cr)N1.11, compare 13 
±10 µm and 37±6 µm (major edge) and 28±6 µm and 43±5 µm (minor 
edge), respectively, see Fig. 7a. Both coatings show greater wear 

Fig. 4. Bright-field TEM image of the top (a) and bottom (b) halves of the (Al,Cr)N1.11 coating. The corresponding SAED patterns with radially integrated intensity 
profiles (c) and (d), respectively. The grey lines in (c) and (d) indicate the positions obtained for a NaCl-type phase with a lattice parameter of 4.13 Å. The green lines 
for low-intensity reflections from a second phase are based on w-AlN powder diffraction data (ICSD 34475). The dark-field image (e) was obtained using an aperture 
over the circled region in the diffraction pattern shown in (c), with the circle indicating the approximate selection area. The HRTEM image is shown in (f). The arrow 
in (a) indicates the growth direction.

Fig. 5. Depth-resolved nanoindentation hardness (a) and modulus (b) of the (Al,Cr)N1.08 and (Al,Cr)N1.11 coatings deposited on WC substrates; error bars represent 
standard deviations from 12 measurements.
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resistance than the benchmark CAE coating, with wear measuring 33±4 
µm at the major edge and 50±6 µm at the minor edge [18]. In the fly 
cutting test, which simulates the performance of the coating in a gear 
hobbing application [45], the (Al,Cr)N1.08 and (Al,Cr)N1.11 coatings 
demonstrated wear resistance of 5 and 6 m/tooth, respectively. It is 
worth noting that the tool life depends strongly on the coating thickness. 
For example, increasing the coating thickness by about 50 % nearly 

doubles the tool life (Fig. 7b).
For clarity, the key results for the (Al,Cr)N1.08 and (Al,Cr)N1.11 

coatings are summarised in Table 1. This table presents a consolidated 
overview of the elemental concentrations, stress-free lattice parameters, 
growth orientations, nanoindentation hardness and modulus values, and 
residual stresses for both coatings.

4. Discussion

4.1. Superstoichiometry

The effect of light elements on the structure-property relationships of 
ceramic materials is frequently left out of discussions, largely due to the 
limitations of available measurement techniques in accurately deter
mining their concentration. The widely employed energy-dispersive X- 
ray spectroscopy (EDS), for instance, lacks accuracy due to the low 
fluorescence yield of light elements [46]. Although light element cali
bration standards might substantially reduce measurement un
certainties, careful verification remains essential. For example, 
additionally analysing lattice parameters can offer critical insights 
(provided that other contributing factors, such as residual stresses, are 
carefully accounted for and excluded). Here, nitrogen concentration was 
assessed via EDS calibrated with a CrN standard and the difference in 
nitrogen concentration in (Al,Cr)N1.08 and (Al,Cr)N1.11 was confirmed 
using ERDA. Combined with stress-free lattice parameter measurements 
and ab initio calculations, our results unequivocally demonstrate that the 
coatings are superstoichiometric (i.e., the nitrogen-to-metal atomic ratio 
exceeds 1).

Various factors may contribute to the formation of super
stoichiometric compositions. One such cause is the occupation of 
interstitial sites by non-metal atoms. Vacant metal sites also lead to 
superstoichiometry, while their occupation by non-metal atoms (anti- 
site defects) can further amplify this effect. In polycrystalline films, grain 
boundaries can act as sinks for excess nitrogen, providing short diffusion 
paths to the growth surface [47]. Another potential mechanism is a 
phase transition, such as from the NaCl-type structure to a nitrogen-rich 

Fig. 6. Box plot of fracture toughness for the (Al,Cr)N1.08 and (Al,Cr)N1.11 
coatings, with individual micropillar values shown on the right. Literature 
comparison of available (Al,Cr)N fracture toughness data, with Al/(Al+Cr) 
ratios in brackets [18,43,44]. Also shown are load-displacement (P-h) curves 
and SEM images of the fractured micropillars (top and side views).

Fig. 7. Wear resistance of the (Al,Cr)N1.08 and (Al,Cr)N1.11 coatings in the end milling (a) and fly cutting (b) tests. In the end milling test, the mean and maximum 
wear were measured for both, the major (solid symbols) and minor (open symbols) cutting edges, as depicted schematically in the illustration.

Table 1 
Elemental concentration, stress-free lattice parameters, a0, texture, nanoindentation hardness, H, and modulus, E, and residual stress, σ, for the (Al,Cr)Nx coatings with 
x = 1.08 and 1.11.

x N, at. % Al/(Al+Cr) a0, Å Texture H, GPa E, GPa -σ, GPa KC, MPa√m

1.08 52.0 ± 0.1 0.62 4.1318±0.0080 (111) 34.4 ± 2.9 467±27 4.3 ± 0.6 3.80±0.19
1.11 52.5 ± 0.1 0.63 4.1296±0.0027 (220) 31.6 ± 2.1 373±20 4.6 ± 1.0 4.15±0.13
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phase like the CaF2-type structure containing up to two nitrogen atoms 
per metal atom [48].

Our observations show that an increase in nitrogen concentration 
correlates with lattice expansion, making the formation of metal va
cancies unlikely. Furthermore, no phase transformation to a CaF2-type 
structure was observed. Therefore, nitrogen atoms incorporated into the 
lattice appear to be the primary cause of the lattice expansion.

Excess nitrogen in the coatings results from energetic deposition. A 
high plasma density enhances nitrogen ionisation near the target, 
leading to an increased density of N+

2 ions. These ions accelerate toward 
the target and dissociate upon impact with the target atoms (provided 
their energy exceeds greatly the bond energy of 9.8 eV [49]). They can 
be backscattered by the heavier metal atoms as energetic neutral atoms 
[50–52] and subsequently subplanted into the growing coating. This 
reasoning is further corroborated through a series of experiments with a 
stronger magnetic field [18], which enhances electron confinement, 
increasing the probability of N2 and Ar ionisation through collisions. As 
a result, plasma density rises, leading to a higher flux of energetic 
backscattered neutrals [53], reinforcing the incorporation of excess 
nitrogen.

Although lattice expansion in superstoichiometric nitrides has been 
previously observed in (Al,Cr)N [54] and other metal nitrides [55–58], 
with some studies suggesting it arises from energetic nitrogen atoms 
backscattered from the target [56–58], the specific lattice sites occupied 
by the excess nitrogen in these compounds remain largely unresolved. 
Excess nitrogen atoms can occupy interstitial sites, precisely tetrahedral 
voids, and even form N dimers, with (111) split being most probable 
[59–61], or vacant metal sites (anti-sites).

Although from the formation energy point of view, nitrogen atoms 
are expected to occupy metal vacant sites (see Fig. 8), under conditions 
of energetic bombardment with energetic backscattered neutrals inter
stitial sites might become preferable. Indeed, our experimental and 
computational results provide compelling evidence that super
stoichiometric fcc-CrNx and fcc-AlNx—and likely in fcc-(Al,Cr)Nx as 
well—form primarily due to incorporation of nitrogen into interstitial 
lattice sites. Up to x of about 1.06–1.08, the excess nitrogen induces 
lattice expansion, similar to its effect on interstitial sites observed in ab 
initio calculations (Fig. 1).

The reason for the deviation from the lattice expansion rate predicted 
by ab initio calculations can be twofold. First, the increase in aluminium 
concentration with increasing nitrogen content counteracts the lattice 
expansion caused by nitrogen occupying interstitial sites. Specifically, 
an increase in the Al/(Al+Cr) ratio from 0.59 to 0.63 reduces the lattice 
parameter of stoichiometric (Al,Cr)N by about 0.004 Å, as interpolated 

from ab initio calculations [39] (approximately one-tenth the magnitude 
of the lattice expansion observed experimentally). Second, nitrogen 
atoms can also occupy the anti-sites (vacant metal lattice sites). The 
normalised nitrogen fraction x of about 1.06–1.08 appears to be a sol
ubility limit of nitrogen at the interstitial sites, as higher concentrations 
of nitrogen do not cause any further expansion of the crystal lattice but 
can significantly elevate the re-nucleation rate of grains disrupting 
columnar growth.

4.2. Microstructure

The (Al,Cr)N1.08 and (Al,Cr)N1.11 coatings show a dense micro
structure. This is primarily attributed to the high degree of ionisation of 
sputtered particles [18,62] achieved through the peak power densities 
characteristic of the HiPIMS process [19–21]. High momentum transfer 
during intense ion bombardment leads to higher nucleation rates and 
density of the coatings [63,64]. As a result, most of the coatings 
including (Al,Cr)N1.08 have tightly packed elongated fibrous grains, 
while (Al,Cr)N1.11 has much smaller grains and the columnar growth is 
hindered indicating a much higher re-nucleation rate. The (Al,Cr)N1.08 
coating is (111) oriented, similar to all coatings with x < 1.08 [18], 
while the (Al,Cr)N1.11 exhibits (110) growth. Hence it can be anticipated 
that exceeding the solubility limit of nitrogen at the interstitial sites (x >
1.06–1.08) results in change of the direction of the preferential growth. 
(Note that in this section, we refer to the low-index planes (100) and 
(110) instead of the XRD reflections (200) and (220), which are 
commonly used elsewhere in the manuscript, to discuss surface energy 
and growth orientation.)

The development of preferential orientation in PVD metal nitrides is 
influenced by the intricate interplay of kinetic and thermodynamic 
factors. While these mechanisms are well-established and extensively 
studied for TiN and (Al,Ti)N, they have been less explored for CrN, and 
even less so for (Al,Cr)N. As a result, discussions on preferential growth 
in (Al,Cr)N often draw on insights from studies of TiN and (Al,Ti)N.

According to thermodynamic considerations, the grain growth di
rection is governed by the competition between surface and strain en
ergies [65,66]. In both TiN [67] and CrN [68], the (100) plane has the 
lowest surface energy, making it the preferred orientation during initial 
growth. However, with increasing thickness, the accumulation of 
compressive stress leads to a shift in preferred orientation toward planes 
with lower in-plane strain energy. Since the in-plane Young’s modulus of 
TiN [69] and CrN [29] is lower for (111) compared to (100), thicker 
coatings tend to develop a (111) preferred orientation.

Ab initio calculations for TiN and (Al,Ti)N further refine this under
standing by introducing the concept of surface chemical potential, μ, as a 
decisive factor in growth orientation [70]. The chemical potential of the 
(111) plane in TiN is lower than that of the (100) plane, resulting in the 
migration of Ti adatoms from (100) to (111) surfaces and hence 
favouring (111) growth. The chemical potential advantage for (111) 
growth decreases, however, upon alloying with AlN. (Additionally, 
alloying with AlN reduces the mobility of Al and Ti adatoms on the (111) 
and (100) surfaces near substituted Al atoms, respectively [67,71], 
leading to (111)-oriented grains enriched in Al and (100)-oriented 
grains enriched in Ti.)

However, experimental studies soon demonstrated that kinetic fac
tors can play an equally significant if not even dominant role in deter
mining growth orientation [72,73]. It has been shown that by 
controlling ion energy, Ei, and—to a considerably greater extent—the 
incident ion-to-metal-atom flux ratio, Ji/JMe, (100) growth can be fav
oured even in the presence of compressive residual stresses [72,73]. In 
fact, while low Ei and Ji/JMe result in low momentum transfer upon 
collisions with the surface atoms and therefore low adatom mobility, 
promoting (111) growth, high Ei and particularly Ji/JMe result in 
increased adatom mobility and favour (100) growth, e.g. in TiN and (Al, 
Ti)N [56,57,74]. Adatom mobility can also be affected by the homolo
gous temperature, Th = Ts/Tm (with Ts and Tm being substrate 

Fig. 8. Formation energies of superstoichiometric fcc-CrNx and fcc-AlNx with N 
atoms occupying interstitial and anti-sites.
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temperature and melting point, respectively), and is the higher, the 
higher the Ts and the lower the Tm. In (Al,Ti)N, Th increases with AlN 
content, as AlN has a lower melting point than TiN, promoting (100) 
growth [75]. And conversely, in (Al,Mo)N or (Al,Cr)N, Th decreases with 
AlN content due to a higher melting point of AlN compared to MoN0.5 
and CrN, limiting adatom mobility and favouring (111) growth [17].

Together, these considerations converge on the prediction of a (100) 
preferential orientation in our coatings. Thermodynamically, (100) 
growth is favoured for the experimentally obtained (Al0.62Cr0.38)N 
composition (yet a stoichiometric composition) as E100<E110<E111 [29]. 
Kinetically, high Ei and Ji/JMe ratios enhance adatom mobility, which is 
expected to be higher than in (Al,Ti)N—for the same mole fraction of 
AlN—due to the lower melting point of CrN compared to TiN, further 
supporting (100) growth. However, the (Al,Cr)N1.08 coating, as well as 
those with x < 1.08 [18], despite being deposited under high Ji/JMe or 
high Ei (bias voltage up to 150 V), exhibit a strong (111) preferential 
orientation. The (111) preferential growth of (Al,Cr)N under high Ji/JMe 
or Ei has also been observed previously [76–80].

Alongside momentum transfer, the density of atomic nitrogen or 
collisionally dissociating N+

2 in the total ion flux Ji/JMe can significantly 
influence the growth kinetics, as shown for TiN [70]. An increased flux 
of atomic N or N+

2 reduces the chemical potential on the (100) surface, 
while having minimal impact on the (111) surface, as nitrogen does not 
chemisorb on the N-terminated (111) surface [70]. If the flux is suffi
ciently high, the surface potential on the (100) surface can drop below 
that on the (111) surface, thereby favouring (100) growth. Assuming 
that the surface chemical potential in CrN behaves similarly to TiN, the 
nitrogen surface coverage under the deposition conditions leading to x <
1.08 appears insufficient in lowering the chemical potential of metal 
adatoms on the (100) surface, thereby failing to promote (100) growth. 
The high density of atomic N backscattered from the target becomes 
subplanted rather than chemisorbed at the surface. Consequently, 
diffusivity is likely higher on the (100) surface compared to the (111), 
promoting the preferential growth of (111)-oriented grains.

The surface energy of (110) in TiN is nearly twice that of the (100) 
and (111) surfaces, making it the least energetically favourable among 
the three low-index surfaces. In CrN, (111) has the highest surface en
ergy among the low-index planes, while the surface energy of (110) is 
still nearly twice that of (100) [68]. Alloying TiN with AlN has only little 
effect on adatom mobility [67]. Although no studies have specifically 
examined the effect of AlN addition on adatom mobility in CrN, it can be 
anticipated that (110) growth remains thermodynamically unfavourable 
in (Al,Cr)N as well.

In PVD coatings, (110) growth is commonly observed at high Ei, e.g. 
by using high bias voltage, as seen in TiN [81–83] and CrN [84,85]. 
Similar to fcc metals with the <110> direction of the minimum loss of 
energy of the impinging ions, the (110) surface is less prone to resput
tering by energetic ions compared to the densest (100) and N-terminated 
(111) surfaces. This "ion channelling" is likely driven by a significantly 
higher flux of energetic backscattered nitrogen atoms compared to other 
coatings. However, (110) has also been observed at relatively low bias 
voltages, yet under high nitrogen partial pressures and low temperatures 
[86–90] or high temperatures [91]. Therefore, in addition to "ion 
channelling", other factors may also contribute to the (110) growth 
orientation. The excess nitrogen atoms within the (110)-oriented grains 
may occupy interstitial sites along the 〈110〉 direction with a local CaF2 
lattice arrangement (yet not a CaF2-type phase) [92,93].

4.3. Mechanical properties

4.3.1. Hardness and Young’s modulus
The hardness of (Al,Cr)N1.08 is 9 % higher than that of (Al,Cr)N1.11, 

compare 34.4 ± 2.9 GPa and 31.6 ± 2.1 GPa, respectively. Such high 
hardness has been attributed to the fully dense grain boundaries (GBs) 
and a high concentration of defects obstructing dislocation motion [1,

10,94,95]. Of particular importance in superstoichiometric coatings are 
nitrogen atoms occupying interstitial sites and exerting strains on the 
surrounding lattice. Both, high atomic density of GBs and high con
centration of defects are achieved by bombardment with the energetic 
ions and neutrals backscattered from the target. The lower hardness of 
(Al,Cr)N1.11, despite the expected strengthening effects from grain 
refinement, is likely due to the presence of anti-site defects or the for
mation of the hexagonal phase.

The (Al,Cr)N1.08 coating has a 25 % higher stiffness than (Al,Cr) 
N1.11, compare 467±27 GPa and 373±20 GPa, respectively. The other 
superstoichiometric compositions with (111) preferential growth are 
within the range 460–500 GPa. Particularly striking is thus the low 
Young’s modulus of the (Al,Cr)N1.11 coating. Changes in the bonding 
character upon increasing the defect concentration cannot solely ac
count for the difference (compared to the changes in E values, which 
range from 460 to 500 GPa for x between 1.01 and 1.08 [18]). Addi
tionally, calculations of the directional Young’s moduli, based on the 
weighted average of the elastic cij components of stoichiometric (Al,Cr)N 
for metal ratios Al/(Al+Cr) between 0.56 and 0.67 [29], yield values of 
E111 = 474 GPa, E110 = 463 GPa, E100 = 402 GPa (see Fig. 9). Conse
quently, a change in preferential growth orientation from (111) to (220) 
is expected to have only a minor influence on the nanoindentation 
modulus, although directional differences in elastic response may 
become more pronounced in superstoichiometric compositions. Other 
factors, such as grain boundaries, can also play a substantial role. Their 
volume fraction is considerably higher in fine-grained coatings, and due 
to their lower atomic coordination and packing density, GBs can reduce 
the overall stiffness. Furthermore, the presence of the hexagonal phase 
and anti-site defects could further contribute to the reduction of Young’s 
modulus in (Al,Cr)N1.11.

4.3.2. Fracture toughness
The (Al,Cr)N1.08 and (Al,Cr)N1.11 coatings exhibit fracture toughness 

values (KC) of 3.80±0.19 and 4.15±0.13 MPa√m, respectively (Fig. 6). 
Fracture toughness of sputter-deposited (Al,Cr)N coatings assessed in 
cantilever bending tests (KIC) varies from 2.35 MPa√m (for Al/(Al+Cr) 
of 0.51, A. Drnovšek et al. [44]) to 1.3 MPa√m (for Al/(Al+Cr) of 0.63, 
J. Buchinger et al. [43]). In our recent study [18], sputter-deposited and 
cathodic arc evaporated coatings showed pillar splitting fracture 
toughness of 3.87±0.26 and 3.73±0.50 MPa√m.

To draw a comparison between the results obtained using both 
measurement methods, several aspects need to be considered. On the 
one hand, Ga ions implanted in the notch during the FIB milling process 
are likely to affect fracture toughness in a single-cantilever bending 
tests. In contrast, in micropillar splitting tests, the initial sub-critical 
cracks generate in a region being largely unaffected by the FIB milling 
process, although experiments on micropillars of single-crystal Si have 
shown that the FIB milling might cause a few tens of nm amorphisation 
with implanted Ga ions resulting ultimately in higher apparent fracture 
toughness [96].

In a comparative study on CrN coatings [97], fracture toughness 
determined in a single-cantilever bending test was found to be system
atically higher than in micropillar splitting tests. The plausibility of our 
results is furthermore corroborated by the solid solution toughening 

Fig. 9. Elastic moduli anisotropy in a stoichiometric fcc-(Al0.62Cr0.38)N based 
on the weighted average of the cij components for metal ratios Al/(Al+Cr) 
between 0.56 and 0.67 reported in Ref. [29].
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effect caused by an addition of aluminium. Comparing the fracture 
toughness of our (Al,Cr)N coatings with CrN having 2.95±0.23 MPa√m 
[97], solid solutions (Al,Cr)N1.08 and (Al,Cr)N1.11 exhibit 29 % and 41 % 
higher fracture toughness, respectively. An (Al,Ti)N coating with a 
similar Al/(Al+Ti) ratio has a 42 % higher fracture toughness than TiN, 
compare 2.7 MPa√m and 1.9 MPa√m [98].

The inherent brittleness of ceramics at low temperatures stems from 
the ease of crack nucleation and propagation. Crack nucleation can be 
facilitated by pre-existing micropores, which concentrate stress, while 
crack propagation is facilitated by a lack of significant energy dissipa
tion by plasticity. In the PVD coatings, however, fracture commonly 
occurs along the GBs which have a lower fracture resistance than the 
grain interior [99–101]. Accordingly, cracks in the coatings with a 
columnar microstructure would traverse the entire thickness. The dense, 
cohesive GBs expected from energetic deposition, and their more con
voluted arrangement in the fine-grained, (220)-textured (Al,Cr)N1.11, 
may explain the toughness improvement. Furthermore, the high initial 
dislocation densities may additionally serve as a defect source for 
mediating some plasticity in these dense face-centred cubic nitrides by 
Peierls stress-controlled slip on the {111} or {110} planes along <1 −
10> or <11− 2> directions [1,41,102].

Accordingly, our coatings might indeed have a higher fracture 
toughness than any other sputter-deposited monolithic (Al,Cr)N coat
ings investigated previously. Further fracture toughness enhancement is 
envisioned: engineering the GB distribution (e.g. through the grain 
nucleation rate via N2 process pressure) to enable crack deflection or 
hinder crack propagation is effective for energy dissipation [103,104]. 
Such control of cracking is widely used to improve fracture toughness, 
for instance, by activating delamination toughening [105], twisting and 
tilting columnar grains [106–109], in multilayers and superlattices 
[110–112], and combination thereof [113]. Another strategy would be 
to further increase the dislocation density to achieve greater crack 
shielding through dislocation activity, as seen in TiN [114], and by 
defect engineering, e.g. to facilitate twinning-induced plasticity [115].

4.4. Wear resistance

The (Al,Cr)N1.08 coating exhibits superior wear resistance in the end 
milling tests (185 % and 54 % on major and minor edges, respectively). 
Being 9 % (or 2.8 GPa) harder than the (Al,Cr)N1.11 coating, superior 
resistance against abrasive wear can be anticipated. However, harder 
coatings do not always outperform softer coatings in end milling, and 
other fundamental mechanisms play an important role in the overall 
performance of the coating [18]. For example, growth-induced 
compressive residual stresses help in inhibiting crack propagation, and 
ultimately lower wear rates, by diminishing crack tip stresses. This is 
why higher nitrogen pressures during the deposition process commonly 
lead to lower wear rates [18,116]. However, it is evident that after a 
critical concentration of interstitial atoms is achieved, further increase 
in nitrogen pressure leads to considerable changes of the microstructure 
without great changes in compressive stresses, compare 4.3 and 4.6 GPa 
for (Al,Cr)N1.08 and (Al,Cr)N1.11, respectively. Also, the (Al,Cr)N1.08 
coating performs better than the (Al,Cr)N1.11 coating despite being 
about 8 % more brittle. Finally, the presence of the hexagonal w-AlN in 
the (Al,Cr)N1.11 coating can negatively affect the resistance against 
abrasive wear [117].

The (Al,Cr)N1.11 coating exhibits superior performance in the fly 
cutting test. Here, crater wear typically initiates on the trailing flank of 
the fly cutting tooth, progresses to the leading flank, and crater wear 
emerges on the cutting face [33]. Crater wear near the edge of the 
cutting faces affects the wear on the leading flank, potentially limiting 
the overall lifetime of the tool. It is evident from interrupted testing, 
where only one gear tooth was cut, that the crater wear in (Al,Cr)N1.11 is 
substantially reduced, see Fig. 10. Crater wear is caused by large chip 
thicknesses. Such large chip thicknesses apply higher load on the cutting 
face, causing a higher thermal and abrasive impact. In terms of the 

sub-surface cracking, extensive through-thickness cracking was 
observed in the not-yet-cratered region in the (Al,Cr)N1.08; this is asso
ciated with vertical or inclined shearing of the coating and oxygen 
ingress along the cracks evidenced by back-filling with iron oxide from 
the HSS substrate, identified by EDS mapping. In contrast, cracking in 
the (Al,Cr)N1.11 generally does not reach the substrate, deviating hori
zontally instead.

Factors responsible for improved crater wear resistance are extensive 
microcracking instead of few, major cracks, as well as a higher fracture 
toughness, and likely beneficial crystallographic orientation of the 
coating [118]: for example, for CVD TiN coatings, (220) orientation was 
shown to be advantageous in postponing the onset of crater wear and 
decreasing the rate of crater formation. Further factors in wear likely 
affect both coatings equivalently; in brief, these are: substrate-coating 
and coating-workpiece chip adhesion, smoother coating surfaces from 
fewer growth defects reducing wear rate [119,120], so-called geometric 
antennae effects of coating deposition whereby microstructure and 
composition at the cutting edge differ from those far from the edge, 
where measurements are commonly made (as here) [121,122]. Finally, 
under the dry-cutting conditions here, friction-induced heating in the 
contact zone between the tool and chip can exceed the tempering tem
perature of the HSS tool, lead to its softening and hence loss of load 
bearing capacity, which accelerates the wear process [123,124]. A lower 
out-of-plane component of thermal conductivity to reduce heat trans
mission to the substrate, and higher in-plane thermal conductivity 
effective for heat dissipation across the coating is considered paramount 
for HSS protection and thereby increased tool life. These conductivity 
properties and the effect of the microstructure have not yet been well 
ascertained for the present coatings.

The semi-empirical criteria H/E (elastic strain to failure [125]) and 
H3/E2 (resistance to plastic deformation [126]) are commonly used to 
predict the fracture toughness and wear resistance of the coatings [125,
127]. Our results demonstrate that opposite outcomes might be obtained 
from different cutting tests, making it impossible to generalise conclu
sions about wear resistance predictions. As for the fracture toughness, 

Fig. 10. SEM images of the tools coated with (Al,Cr)N1.08 and (Al,Cr)N1.11 after 
cutting one gear tooth, along with FIB cross-sections of the not-yet-cratered 
regions, and associated EDS chemical mapping of in-/egress material 
where relevant.
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both criteria can lose their predictive accuracy when there are sub
stantial changes in the microstructure [128,129]. In this study, however, 
the (Al,Cr)N1.08 and (Al,Cr)N1.11 coatings—despite having a 0.5 at. % 
difference in N concentration but substantially different micro
structures—have H/E of 0.074±0.011 vs. 0.085±0.010, and H3/E2 of 
0.19±0.07 GPa vs. 0.23±0.07 GPa, respectively, thus correctly pre
dicting higher toughness of the (Al,Cr)N1.11 coating.

Both coatings are highly effective in prolonging the tool life. Yet to 
fully harness the potential of high-performance tools, coatings should be 
tailored to suit specific applications. The wear mechanisms activated 
during interrupted cutting processes, such as fly cutting or end milling, 
which involve cyclic impact and resultant thermal shock, are complex. 
This section highlights several important aspects that influence the wear 
resistance of the superstoichiometric coatings studied; however, the 
aspects discussed here are not comprehensive. This complexity also 
presents challenges in developing semi-empirical criteria for predicting 
wear behaviour based on the room-temperature hardness, Young’s 
modulus, and fracture toughness. Further investigations at cutting 
temperatures and under loading conditions equivalent to those at the 
cutting edge are needed to link the performance of wear-resistant 
coatings with their lab-measured micro/nano-mechanical properties.

5. Conclusions

By employing high-ionisation magnetron sputtering (HIMS), which 
generates a high flux of ions and energetic neutrals, we recently syn
thesised a series of (Al,Cr)Nx coatings with x ranging from 1.01 to 1.08 
and similar Al/(Al+Cr) ratios (0.59–0.62), without addressing the dis
tribution of excess nitrogen or the effects of superstoichiometry. In the 
present study, we extended the x range to 1.11 and, by integrating 
elemental concentrations, stress-free lattice parameters, and ab initio 
calculations, identified the locations of excess nitrogen atoms with a 
high degree of confidence. Below a threshold concentration of about x ≈
1.06–1.08, excess nitrogen primarily occupies interstitial lattice sites, 
whereas beyond this threshold, it can also incorporate into vacant metal 
sites (anti-sites).

A detailed investigation was conducted on two superstoichiometric 
(Al,Cr)Nx coatings: (Al,Cr)N1.08, with nitrogen concentration near the 
threshold, and (Al,Cr)N1.11, with a concentration above it. While (Al,Cr) 
N1.08 has tightly packed, elongated fibrous grains with a strong (111) 
growth orientation, (Al,Cr)N1.11, due to a significantly increased rate of 
grain re-nucleation, develops a fine-grained microstructure with a (220) 
growth orientation. These structural differences have a pronounced 
impact on mechanical properties, as summarised in Fig. 11. While (Al, 
Cr)N1.08 is 9 % harder (34.4 GPa vs. 31.6 GPa) and demonstrates 

superior abrasive resistance and performance in end milling tests, (Al, 
Cr)N1.11 exhibits 9 % higher fracture toughness (4.15 MPa√m vs. 3.80 
MPa√m) and enhanced microcracking and crack-branching behaviour, 
which is beneficial for impact applications such as gear hobbing. Our 
results not only underscore the advantages of superstoichiometric (Al, 
Cr)N coatings but also suggest a broader potential for super
stoichiometric nitrides and ceramics in advanced applications.
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High temperature fracture toughness of single-layer CrAlN and CrAlSiN hard 
coatings, Surf. Coat. Technol. 409 (2021) 126909.
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