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A B S T R A C T   

Reactively magnetron sputtered high-entropy metal-sublattice (Al,Cr,Nb,Ta,Ti)N coatings have been alloyed 
with Si concentrations between xSi = 6.4 and 15.0 at.%. All coatings are single-phase fcc structured and their 
hardness initially increases from ~32 to 35 GPa with Si-alloying up to xSi = 9.8 at.%, and then decreases to ~24 
GPa for higher Si contents. Contrary, the indentation modulus E continuously decreases from ~470 to 350 GPa 
by Si-alloying. Also, the decomposition of the fcc structure during vacuum annealing is shifted from 1000 to 
1200 ◦C with the addition of Si. The hardness initially increases during vacuum annealing and reaches a 
maximum of 37 GPa with Ta = 1000 ◦C at xSi = 12.0 at.%. During oxidation experiments in ambient air at 850 ◦C 
for up to 100 h, a 2700 nm single-phase rutile-structured oxide scale forms at the Si-free (Al,Cr,Nb,Ta,Ti)N with a 
parabolic growth rate. The rate changes to a logarithmic-like behavior with the addition of Si, resulting in only 
~280 nm oxide scale after 100 h. Also, for the Si-containing coatings, the oxide scale shows only one crystalline 
rutile structure. The pore size in the oxide scale of the Si-free coating is considerably reduced by Si-addition. The 
oxides growing at the Si-containing coatings show an opposing Si- and Cr-gradient - with much smaller pores in 
the Si-rich inner region - which shows a gradual transition to the remaining nitride. Ab initio based calculations 
confirm that the formation of a single-phase rutile-structured solid solution oxide, (Al,Cr,Nb,Ta,Ti)O2, is ener
getically preferred over separate phases above 509 K, due to the higher configurational entropy. Below this 
temperature the decomposition towards (Al,Ta,Ti)O2 + (Cr,Nb)O2 would be favored (when considering just 
chemical contributions), but kinetically restricted.   

1. Introduction 

A common strategy to increase the lifetime of machining tools, which 
need to resist wear under harsh conditions, is the use of hard protective 
coatings. TiN, (Ti,Al)N, (Al,Cr)N, and similar nitride based materials 
have been developed to protect various machining tools from abrasion 
and oxidation [1–7]. Especially when synthesized by chemical or 
physical or vapor deposition (PVD) - allowing for extended solubility 
limits - the addition of selected alloying elements is a powerful approach 
to further improve their desired properties. 

In 2004, Cantor et al. [8] and Yeh et al. [9] developed so-called high- 

entropy alloys (HEA), which consist of five or more principal elements 
with an equiatomic or near-equiatomic composition. Hence, this com
pound contains no dominant species. High-entropy materials are 
commonly characterized by four core effects: high configurational en
tropy ΔSconfig > 1.5 ⋅ R (R being the universal gas constant), a highly 
distorted crystal lattice, sluggish diffusion and the cocktail-effect 
[10–12]. This concept has also been expanded to high-entropy ce
ramics, which after a simplified notation [13,14] consist of at least five 
constituting binaries. A more-precise and accurate notification was 
introduced recently [15] with high-entropy sublattice (HES) ceramics. 
As in principle only the metal-sublattice has a high entropy [14], 
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whereas the non-metal-sublattice is formed basically by one principal 
element, when combining various nitrides [15–18], carbides [19–21], 
oxides [22,23], borides [14,24–26], or silicides [27,28]. Thereby, the 
respective non-metal occupies its own sublattice, whereas the different 
metal species are randomly distributed on their sublattice. Conse
quently, the configurational entropy essentially stems from the metal 
sublattice, if the non-metal sublattice is occupied by one element. By the 
common definition, ΔSconfig > 1.5 ⋅ R, such a material would not be 
considered high-entropic, but this value was intended for metallic 
alloys. 

Ceramics are an entirely different material class, therefore when 
searching for the high-entropy effect in a ceramic, this criterion should 
be adjusted accordingly. A high-entropy material is characterized by the 
lack of a dominant solvent in a solid solution with many elements. For 
five or more components in near-equiatomic composition, such an 
arrangement, which is always accompanied by a high configurational 
entropy compared to conventional alloys, leads to a highly distorted 
lattice and other favorable properties of high-entropy materials. Addi
tionally, the positions of the non-metal atoms are not independent from 
the metal sublattice. On the contrary, each non-metal atom is bound to a 
strongly varying surrounding, similar to each metal atom in an alloy. 
Therefore, we alter the definition of a high-entropy ceramic so that the 
configurational entropy is not considered per atom, but per constituting 
binary compound [14]. This approach is convenient, since the numerical 
value for classifying a high-entropy material then matches the criterion 
for metallic alloys (ΔSconfig > 1.5 ⋅ R) for all kinds of stoichiometric ratios 
in ceramics. 

The high-entropy effects lead to materials that possess excellent 
mechanical properties and are stable at high temperatures 
[17,18,29,30]. Furthermore, the transport of ionic or atomic species 
through the lattice is significantly retarded [31–34]. These key- 
properties advocate this material class as suitable candidates for pro
tective coatings. However, most studies on high-entropy sublattice ni
trides (HESN) have been performed in vacuum conditions, whereas in 
real-life applications the presence of O2 is limiting the durability of 
these materials. Many studies have been performed to tailor oxidation 
resistance in low-entropy nitrides, by adding Ta, Y, or Ce for example 
[5,35–37]. We still lack such studies for high-entropy ceramics. To our 
knowledge, the most notable work on this problem was done by Shen 
et al. by developing the high-entropy nitride (Al0.34Cr0.22Nb0.11Si0.11

Ti0.22)50N50 with exceptional oxidation resistance at high temperatures 
[16]. They attribute this property to the presence of dense layers of 
Al2O3 and amorphous oxide layers, which are largely composed of Si- 
oxides. In this work we present the impact of Si-alloying on the 
similar material system (Al,Cr,Nb,Ta,Ti)N and the resulting improve
ments to not only oxidation resistance, but also phase stability and 
mechanical properties. 

2. Experimental details 

2.1. Deposition process 

We used reactive magnetron sputtering with a modified Leybold 
Heraeus Z400 magnetron sputtering system, equipped with a powder 
metallurgically prepared 75-mm-diameter target of equimolar Al, Cr, 
Nb, Ta, and Ti composition (Plansee Composite Materials GmbH). Si was 
added by placing 8, 12, 16, or 24 (2 × 2 × 0.38 mm3) pieces evenly on 
the cathode racetrack. The AluCrvNbwTaxTiySizN coatings were depos
ited on (1 0 0)-oriented Si (20 × 7 × 0.38 mm3) and (1 1 0 2) sapphire 
(10 × 10 × 0.53 mm3) substrates, mounted face-to-face to the target at a 
distance of 4 cm. For all depositions the base pressure was below 0.3 
mPa, the deposition temperature was 440 ◦C and the bias potential was 
− 50 V DC. Before the deposition process, the substrates were Ar-ion 
etched at a pressure of 1.3 Pa for 15 min by applying a pulsed DC sub
strate potential of − 150 V, the pulse frequency was 150 kHz and the 

pulse duration 2496 ns. 
The target was also cleaned by sputtering for 2 min behind the closed 

shutter. A 18 sccm/22 sccm gas mixture of N2 and Ar (both 99.999% 
purity) at a pressure of 0.43 mbar was used for the deposition. The 
cathode was operated with a constant current of 1.0 A (power density of 
11.9 W/cm2) and 0.75A (power density of 9.1 W/cm2) without and with 
Si pieces on the racetrack, respectively, for 20 min in all cases. The 
reduction of the sputtering-current for preparing the Si-alloyed coatings 
was needed to prevent breaking of the Si substrates due to increased 
growth stresses. 

2.2. Sample analysis 

Cross-sections of the coatings on Si-substrates were analyzed with a 
FEI Quanta F200 scanning electron microscope (SEM) - equipped with a 
field emission gun (FEG) and operated at 5 kV - to investigate growth 
morphology and deposition rates. Chemical compositions of as- 
deposited coatings were analyzed by time-of-flight elastic recoil detec
tion analysis (ToF-ERDA) with a recoil detection angle of 45◦ using a 
beam of 36 MeV I8+ ions. Experimental details, data analysis, as well as 
potential systematic uncertainties are described elsewhere [38–40]. The 
crystal structure was investigated with X-ray-diffraction (XRD) using a 
PANanlytical XPert Pro MPD (θ − θ diffractometer) equipped with a Cu- 
Kα source (λ = 0.15408nm, 45 kV and 40 mA) in Bragg-Brentano ge
ometry. Samples on sapphire substrates were vacuum annealed in a 
Centorr LF22-2000 vacuum furnace at Ta = 800, 900, 1000, 1100, and 
1200, the heating rate was 20 K/min, the holding time 10 min, and the 
passive (simply turning off the heater) cooling rate at least 50 K/min 
down to 200 ◦C. 

To study the oxidation resistance of the coatings, the thickness as 
well as chemistry of the oxide scale growing at 850 ◦C were studied by 
SEM. After an oxidation treatment within an ambient-air furnace at 
850 ◦C for 0.5, 1, 5, 10, 30, and 100 h, the coated sapphire samples were 
extracted from the hot zone, cooled down to room temperature, and 
prepared for cross-sectional investigations. The mirror polished 
embedded cross sections were analyzed by energy dispersive X-ray 
spectroscopy-linescans (EDS) across the oxide scale using a 20 kV elec
tron beam. Transmission electron microscopy (TEM) was performed 
with a FEI TECNAI F20, equipped with a FEG, operated at 200 kV, on as- 
deposited and oxidized samples. 

Mechanical properties were determined using an ultra-micro- 
indentation system (UMIS) equipped with a Berkovich tip. Indentation 
hardness, H, and modulus, E, − which, depending on materials behavior 
during indentation, may also be treated as Young’s modulus – were 
obtained by evaluating the unloading segments of the indentation 
curves after Oliver and Pharr [41] assuming a Poisson’s ratio of 0.25. 

2.3. DFT calculations 

DFT calculations were carried out with the Vienna ab initio simula
tion package (VASP) [42,43], using projector augmented plane wave 
(PAW) pseudo-potentials under the generalized gradient approximation 
[44] to study the solid solution of (Al,Cr,Nb,Ta,Ti)O2 in rutile structure, 
with equimolar composition, and possible decomposition products. A 
plane-wave cut-off energy of 600 eV, and a Γ-centered Monkhorst-Pack 
k-mesh [45] with 6 × 6 × 7 points were used. The accuracy was set to 
10− 5 eV/atom. The cells were relaxed regarding volume, shape and 
atomic positions. The decomposition of equiatomic (Al,Cr,Nb,Ta,Ti)O2 
into all possible combinations of lower-order oxides (binary, ternary, 
quaternary, and quintenary oxides) with equimolar composition was 
considered. All oxides were rutile structured (space group 136 P42/ 
mnm), with the exception of the binaries, which were calculated both in 
rutile structure and their common stable structures. These are Al2O3 
(α-structure, space group 167 R − 3c), Cr2O3 (Al2O3-prototype, space 
group 167 R − 3c), Nb2O5 (space group 10 P12/m1), Ta2O5 (space group 
25, Pmm2), and TiO2 in rutile structure. The binaries were calculated 
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from single cells, while all multinary oxides were calculated from a 3 ×
3 × 2 supercell with 72 atoms in total. The metals were placed on their 
sublattice with the special quasi-random structure (SQS) method [46]. 
To reach equiatomic composition for the hexinary oxide (25 atoms on 24 
positions), five permutations with different occupations, leaving one 
atom per metallic species out in turn, were calculated and averaged. 

The thermodynamic phase stability is determined by the free 
enthalpy of mixing 

ΔGmix = ΔHmix − TΔSmix (1)  

where ΔHmix is 

ΔHmix = EEduct
f −

∑

i
νiEi

f (2) 

T is the absolute temperature, ΔSmix the mixing entropy, calculated 
from the difference of configurational entropies Sconfig between educt 
and product phases, Ef is the energy of formation, and νi the stoichio
metric coefficient of component i. Since the mixing entropy is contained 
in the metal sublattice, and Ef is usually given in eV/atom, the mixing 
entropy needs to be related to the formula unit. When using the formula 
[9] 

Sconfig = − R
∑

i
XilnXi (3)  

to calculate the configurational entropy, the entropy has to be divided 
by 3 to get the correct value in eV/atom for the MO2 stoichiometry. 

3. Results and discussion 

3.1. Chemical composition and growth morphology 

The results of the chemical analysis with ERDA are shown in Table 1. 
The depth profiles were all homogenous except for a thin surface oxide 
layer, the concentrations were therefore calculated from the bulk signals 
of the coatings. All coatings are over-stoichiometric with a N-content of 
>5.49 at.%. Since the masses of Al and Si could not be distinguished, 
only a sum of both elements is available. However, by calculating the 
average elemental ratio of Al to the other metals in the Si-free sample, 
the Al content and thus the Si content can be estimated for the other 
samples. With increasing number of Si-pieces on the racetrack the 
concentrations of the other metals decrease, but not proportionally to 
each other. In the coating with the highest Si-content the Cr, Nb, Ta, and 

Ti concentrations decrease by 34, 33, 39, and 38%, respectively, 
compared to the Si-free sample. The average decrease of up to 36% (in 
the coating with the highest Si concentration) was used to estimate the 
Al concentration, the Si concentration was then calculated as difference 
to the sum signal. 

Contrary to the metals, the N-content stays in a range between 54.9 
and 55.9 at.%. This over-stoichiometry could be supported by metal 
vacancies, as was shown for TaN with ab-initio calculations [47], and 
the slightly different stoichiometry of Si3N4. All stated uncertainties are 
standard errors, for Al and Si in Si-containing coatings the standard error 
of the sum concentration is given. The configurational entropy Sconfig is 
highest in the sample with 9.8 at.% Si, and always ≥1.52 ⋅ R (considered 
per formula unit). Therefore, by our definition all coatings can be 
considered HESN. 

In Fig. 1, the SEM-micrographs of the fracture cross-sections of as- 
deposited coatings reveal dense microstructures and smooth surfaces. 
Nevertheless, the addition of Si clearly influences the growth 
morphology of the individual coatings starting from a relatively coarse 
grained and columnar structure for the Si-free sample (Fig. 1a). 
Increasing the Si content to 6.4 to 9.8 to 12.0 at.% results in a less- 
pronounced columnar growth structure, Fig. 1b, c, and d, respectively, 
and even an almost featureless structure for the 15.0at Si-containing 
coating (Fig. 1e). The deposition rates are 160 nm/min without Si at 
1.0A target current, and between 85 and 140 nm/min with Si at 0.75A 
target current. The total coating thicknesses in order of increasing Si 
contents are 3.2, 2.0, 1.7, 2.3, and 2.7 μm, respectively. When the latter 
deposition rates are normalized to a current of 1A, the growth rates lie 
between 113 and 186 nm/min. Thus, the differences in growth rates 
basically stem from the Si platelets added to the racetrack and the in
dividual elements. 

TEM analysis of our coatings on sapphire substrates support the 
growth morphology results obtained by SEM. Exemplarily, we show 
cross-sectional TEM images for the (Al,Cr,Nb,Ta,Ti)N coating without Si 
and with 9.8 at.% Si in Fig. 2a and b, respectively. Although the mean 
column diameter decreases by the addition of 9.8 at.% Si, their columnar 
structure is still clearly present. The corresponding selected area elec
tron diffraction patterns (taken at positions marked by I and II in Fig. 2a 
and b, respectively) yield single-phase solid solutions with rock-salt 
structure (B1, NaCl-prototype, face centered cubic, fcc). The more 
ring-like SAED pattern for the Si-free sample hints towards a more 
random growth orientation. The 9.8 at.% Si alloyed (Al,Cr,Nb,Ta,Ti)N 
coating shows more individual SAED spots suggesting a highly oriented 
growth. This is also because the individual columns seem to be longer for 
the 9.8 at.% Si-containing coating. Therefore, the selected area for the 
SAED pattern covers basically only one column length for the 9.8 at.% 
Si-containing coating but several ones for the Si-free HESN, see Fig. 2b 
and a, respectively. Dark field investigations nicely show that the Si-free 
coating (Fig. 2c) has shorter columns than the 9.8 at.% Si-containing one 
(Fig. 2d). Interestingly, as suggested already by the bright field in
vestigations, the mean column diameter decreases from around 50 to 25 
nm with increasing Si content. 

Spatially resolved analysis of the Si concentration is problematic due 
to the coincidence of the Si and Ta signals in the EDS spectrum, as well as 
the partial overlap of Si and Al and Si and Ta edges in the electron energy 
loss spectrum (EELS). But in a plan-view TEM sample of the HESN with 
9.8 at.% Si we could find an indication that Si is enriched in the grain 
boundary region, similar to TiN when alloyed with more than 4 at.% Si 
[48,49]. The corresponding plan-view bright field and dark field images 
in Fig. 3a and b show that the column diameters agree well with those 
obtained from the cross-sectional investigations presented in Fig. 2d. In 
scanning transmission electron microscopy (STEM) mode with a high 
angle annular dark field (HAADF) detector the contrast is generated by 
local sample mass and thickness. Since this sample was prepared by 
focused ion beam we can exclude high thickness differences to cause 
local intensity variations. The bright spot in Fig. 3c can therefore be 
assigned to a grain with either higher atomic mass or to closer alignment 

Table 1 
Chemical analysis in at.% as deduced from ToF-ERDA. Since the masses of Al and 
Si could not be distinguished, their ratio is estimated from the Al ratio to the 
other metals in the sample without Si. The given uncertainties are the statistical 
standard errors, for Al and Si in Si-containing coatings the standard error of the 
sum concentration is given. ΔSconfig of the metal sublattice is given as multitude 
of R and is always ≥1.52 ⋅ R.  

Si- 
pieces 

Al Cr Nb Si Ta Ti N ΔSconfig 

⋅ R  

0 9.6 
±

0.1 

11.6 
± 0.1 

7.0 
±

0.1 

0.0 7.1 
±

0.2 

9.4 
±

0.1 

55.4 
± 0.4  

1.52  

8 8.1 
±

0.1 

10.9 
± 0.1 

6.2 
±

0.1 

6.4 ±
0.1 

5.4 
±

0.1 

7.7 
±

0.2 

54.9 
± 0.3  

1.68  

12 7.3 
±

0.3 

9.1 ±
0.1 

5.8 
±

0.1 

9.8 ±
0.3 

4.9 
±

0.1 

6.9 
±

0.1 

55.4 
± 0.2  

1.66  

16 6.8 
±

0.1 

7.5 ±
0.1 

5.4 
±

0.1 

12.0 
± 0.1 

5.0 
±

0.1 

6.6 
±

0.1 

55.9 
± 0.2  

1.63  

24 6.1 
±

0.2 

7.7 ±
0.1 

4.7 
±

0.1 

15.0 
± 0.2 

4.4 
±

0.1 

5.8 
±

0.1 

55.0 
± 0.3  

1.59  
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to a zone axis than its surrounding. An EELS linescan across this grain 
reveals a decreased Si/Al ratio in the center of the grain and an increased 
Si/Al ratio at the grain boundaries. Since Al is expected to be accom
panying the other metals, this linescan supports the mass contrast in the 
STEM-HAADF image. In high-resolution mode, Fig. 3d, the triple- 

junction between three crystalline grains reveals a region with per
turbed lattice planes. This could be an amorphous grain-boundary re
gion, but careful interpretation is necessary since such a feature can also 
be generated by the projection of two overlapping grains. 

A fast Fourier transformation (FFT) of the blue margined area in 

Fig. 1. SEM fracture cross-sections of as-deposited (Al,Cr,Nb,Si,Ta,Ti)N coatings with 0 at.% Si (a), 6.4 at.% Si (b), 9.8 at.% Si (c), 12.0 at.% Si (d), and 15.0 at.% Si 
(e), deposited on (100) Si substrates. The columnar structure becomes finer with increasing Si-content, and the coating with 15.0 at.% Si even shows a feature-less 
growth morphology. 

Fig. 2. Bright field cross-sectional TEM-images of the HESN coating without Si (a), and with 9.8 at.% Si (b). The SAED patterns taken from the region I (Si-free 
sample) and II (9.8 at.% Si-containing sample) show single-phase solid solutions with rock-salt structure for both coatings. Dark field images of the coatings without 
Si (c) and with 9.8 at.% Si (d), show that Si alloying causes thinner but longer columns. 
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Fig. 3d shows the diffraction spots of a single grain in [200] orientation 
(Fig. 3e). The inverse fast Fourier transformation (IFFT) of the two 
selected spots in (Fig. 3e) reveals the distorted and defected lattice plains 
clearly in Fig. 3f. The indicated lattice plane distances (here we need to 
mention that we want to focus more on their variation and not on their 
individual numbers, as these measurements are obtained without an 
additional calibration) clearly show a wide variation and thereby a huge 
lattice distortion. Since the line density is doubled in the IFFT and the 
grain is [200] oriented, the line distances are roughly a quarter of the 
lattice parameter. Quadrupling the average of 1.07 Å yields a good 
agreement with the XRD measurement, based on which a lattice 
parameter of 4.30 Å was estimated for this coating. This supports the 
concept of severe lattice distortion not only in metallic high-entropy 
alloys but also in high-entropy metal-sublattice ceramics. 

3.2. Structure and phase stability 

The XRD measurements reveal a single-phased solid solution cubic 
structure for all coatings having 0 at.% Si (Fig. 4a), 6.4 at.% Si (Fig. 4b), 
12.0 at.% Si (Fig. 4c), and 15.0 at.% Si (Fig. 4d) in the as-deposited state 
(bottom XRD pattern in black). The results confirm the SAED in
vestigations and show that the addition of Si alters the preferred growth- 
orientation of the samples. Whereas the Si-free coating exhibits a more 
randomly oriented growth, with the [220] orientation being domi
nating, this changes with the addition of Si. The 6.4 at.% Si-containing 
coating exhibits a preferred [420]-oriented growth, and for the 12.0 
and 15.0 at.% Si-containing coatings the [200] orientation is the 
preferred one. Our TEM investigations (Fig. 3) show that a small fraction 
of Si can be incorporated into the lattice, whereas higher Si contents 

Fig. 3. Plan-view TEM-images of the HESN coating with 9.8 at.% in bright field (a), dark field (b), STEM-HAADF mode with an EELS linescan across one columnar 
grain (c), and a high resolution TEM-image of the highlighted junction between three crystalline grains (d). A fast Fourier transformation of the blue margined area in 
(d) reveals a single [200] oriented phase (e). The inverse fast Fourier transformation of the encircled spots in (e) reveals the distorted lattice planes and the high 
defect-density in more detail (f). 

Fig. 4. XRD-patterns of as-deposited and vacuum annealed (Al,Cr,Nb,Ta,Ti)N coatings on sapphire with 0 at.% Si (a), 6.4 at.% Si (b), 12.0 at.% Si (c), and 15.0 at.% 
Si (d) show first decomposition products after annealing at 1000 ◦C for the Si-free coating (a). By Si-alloying, the decomposition onset is shifted up to 1200 ◦C. No 
XRD pattern could be recorded for the sample with 6.4 at.% Si after annealing at 1200 ◦C, due to a complete coating-spallation. The substrate peaks around 53 and 
85◦ are cropped for better visibility. 
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promote segregation to the grain boundaries, which was also investi
gated for (Ti,Si)N [48,49]. We therefore attribute the texture changes to 
increased or decreased Si concentrations in the grains. The influence of 
Si on the peak shape is basically due to the reduction in coherently 
diffracting domain sizes (as presented in Fig. 1 as well). By increasing 
the Si-content, especially the column width becomes smaller, as seen in 
the SEM and TEM micrographs. The smaller coherently diffracting 
domain sizes lead to the formation of broader peaks, in addition, 
increased micro-stresses could contribute to broader peaks as well. From 
the SAED patterns we can conclude that only a single phase is present 
also in the Si-containing coatings. 

The lattice parameter, simply estimated from the diffraction angle 
position and thus implying also contributions from stresses, increases 
from a = 4.28 to 4.34 Å with increasing Si content from 0 to 15.0 at.%. 
The lattice parameter is similar to TiN, which is also used for reference 
positions. This is despite the low total Ti concentration in the coatings. 
The approximate lattice parameters of the constituent fcc-structured 
binary components are 4.05, 4.14, 4.34, 4.34, and 4.24 Å for AlN 
(ICDD 00-046-1200), CrN (ICDD 01-076-2494), NbN (ICDD 01-071- 
0162), TaN (ICDD 00-049-1283), and TiN (ICDD 00-038-1420), 
respectively. Even though TiN makes up only a fraction of the coating, 
its lattice parameter lies between the lattice parameters of the other 
constituent metal nitrides. 

Even after annealing in vacuum up to 900 ◦C all coatings remain in 
this single-phased solid solution. When comparing the Si-free coating 
with its Si-containing counterparts, the decomposition upon increasing 
the annealing temperature to 1000 ◦C and further, is clearly shifted to 
higher temperatures. Hereby, the samples containing 12.0 at.% and 15.0 
at.% Si (Fig. 4c and d) show decomposition into w-AlN, intermetallic 
and other N-depleted phases earliest at 1200 ◦C. For better visibility, 
only a small selection of possible peaks and phases is marked in Fig. 4. 
The limiting factor for the phase stability is likely the tendency for CrN 
and TaN to release N2 and form Cr2N above 900 ◦C, and Ta2N at 1100 ◦C, 
enabling subsequent reactions to take place [50,51]. Please note that the 
sample with 12.0 at.% Si (Fig. 4c) suffered from severe spallation dur
ing/after annealing to 1200 ◦C, so that only a careful XRD measurement 
but no nanoindentation test could be performed. 

3.3. Mechanical properties 

In Fig. 5, the hardness (H) of the Si-free and Si-containing coatings 
depending on the annealing temperature is shown. In the as-deposited 
state, the addition of Si increases the hardness starting from 32.6 ±
2.0GPa without Si to 34.3 ± 1.0GPa and 35.4 ± 1.1GPa for samples 
with 6.4 at.% and 9.8 at.% Si, respectively. This can be attributed to the 
smaller grain size, changes in bond-characteristics, and increased 
cohesive strength of the grain boundaries [52] due to the addition of Si 
(see Fig. 2). Exceeding this Si content, the hardness drastically drops to 
≈24 GPa (coatings with 12.0 and 15.0 at.% Si). During vacuum 
annealing at 800 ◦C the hardness of all coatings increases by ≈2 GPa. 
Hereby, an exception is drawn by the coating containing 12.0 at.% Si, 
which shows a tremendous increase from 24.5 ± 0.6 to 37.3 ± 0.9GPa 
when annealed at 800. 

Based also on previous investigations and reports, and because the 
XRD investigations do not show significant changes upon annealing to 
these temperatures (Fig. 4c), we attribute this to the compaction of the 
amorphous-like Si-rich grain boundaries, where parts may even be built 
into the surrounded or encapsulated grains, which increases the cohe
sive strength of the grain boundaries [49,48,53]. Note, that this is 
different from a full crystallization of amorphous Si-nitride, which 
happens above 1200 ◦C [54]. The addition of Si to transition metal ni
trides is known to result in the formation of small grains and high 
cohesive strengths of the grain boundaries [48]. 

Coatings with a Si content between 6.4 and 12.0 at.% retain their 
high hardness until Ta = 1100 ◦ C. For Ta = 1200 ◦ C delamination of the 
films impedes their investigation by nanoindentation. Only the Si-free 

and the 15.0 at.% Si-containing thin films could be evaluated after 
annealing at Ta = 1200 ◦ C, showing rather contrary results. Whereas the 
Si-free coating retains its hardness of 31.0 ± 1.6GPa, the hardness of the 
coating with the highest Si content drops to ≈8 GPa. This coating shows 
a massive change in crystal structure and phase composition due to a 
severe loss of nitrogen (Fig. 4d). However, the hardness retention of the 
lower Si-containing coatings during annealing at high temperatures is 
remarkable for a single-phase coating. Unlike single-phase binaries, e.g., 
TiN, our high-entropy metal-sublattice nitride (Al,Cr,Nb,Ta,Ti)N with 
and without Si does not easily undergo recovery processes (where lattice 
defects arrange towards lower-energy sites), since the many elements 
with hugely different sizes at the metal-sublattice distort the lattice 
(Fig. 3d and f), allowing only for reduced diffusion [31]. Thus, the 
hardness is retained even when annealed at high temperatures due to 
sluggish diffusion. 

For the HESN coatings without Si, the indentation modulus lies be
tween 445 ± 25 and 519 ± 20GPa for all annealing temperatures. In as- 
deposited state, the indentation modulus of our coatings decreases by 
more than 100GPa with increasing Si-content. After annealing at 
1100 ◦C, the coatings with 0, 6.4, 9.8, and 12.0 at.% Si show similar 
indentation moduli of around 440 GPa. The highest Si-containing 
coating (with 15.0 at.% Si) is again off the trend, with values below 
363 ± 12GPa. Importantly to mention, with increasing Si-content up to 
12.0 at.% the hardness increases especially if the coatings are annealed 
at Ta = 800–1100 ◦C (Fig. 5). With Si addition the indentation modulus 
is lowered (Fig. 6). Combining higher hardness with lower indentation 
modulus leads to higher H/E or H3/E2 ratios - two parameters often used 
to rate coatings within a series for their wear performance [55] - indi
cating higher elasticity behavior. Indeed, as shown by in-situ micro
mechanical cantilever bending tests of another high-entropy sublattice 
nitride, (Al,Ta,Ti,V,Zr)N, Si had nearly no impact on the fracture 
toughness (for the Si content tested up to 4.9 at.%), but allowed for an 
increased area under the linear-elastic region of the stress-intensity- 
bending-strain curve, indicative for an increased damage tolerance [56]. 

Fig. 5. Indentation hardness, H, of the HESN coatings with and without Si- 
alloying in the as-deposited state and after vacuum annealing at Ta up to 
1200 ◦C. Missing data points after annealing at 1100 and/or 1200 ◦C are due to 
complete spallation of the coating from their sapphire substrate due to the 
annealing treatment. The standard deviations are given as error bars. 
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3.4. Oxidation resistance 

In Fig. 7 the XRD patterns of gradually oxidized samples with 
different Si concentrations are shown. Fig. 7a features an overview of the 
Si-free high-entropy metal-sublattice (Al,Cr,Nb,Ta,Ti)N coating before 
and after oxidation at 850 ◦C for 100 h. Clearly, a rutile-structured oxide 
is formed, but the nitride is still present in its single-phase cubic form. 

While in a powder the (110) peak at 27.1◦ possesses the highest in
tensity, it is only a very weak reflex in our oxide scales due to their 
strong texture. The highlighted (101) and (112) peaks have the highest 
intensities of all oxide peaks that do not overlap with a substrate or 
nitride signal. No other oxide phases could be detected, indicating the 
formation of a single-phase rutile-structured solid solution oxide from 
the single-phase fcc-structured high-entropy metal-sublattice 
(Al0.20Cr0.26Nb0.15Ta0.16Ti0.23)N coating. Out of the metals present, Al is 
the only reported to form no rutile structured oxide (there are meta
stable rutile-structured oxides for Cr, Nb, and Ta). Therefore, our 
experimental data suggest that also the Al is soluted in the structure, 
enabled by the many other metals forming a solid solution rutile oxide. 

This could also be confirmed with DFT calculations. The free mixing 
enthalpy between rutile-structured solid solution (Al,Cr,Nb,Ta,Ti)O2 
and its stable binary metal-oxides (which are all non-rutile structured 
except for TiO2) is − 1.23 eV/atom; clearly designating the solid solution 
(Al,Cr,Nb,Ta,Ti)O2 energetically more preferred over the individual 
binary metal-oxides. Entropic effects would further support this high- 
entropy metal-sublattice dioxide over the individual binaries. When 
calculating all possible isostructural decomposition products of the (Al, 
Cr,Nb,Ta,Ti)O2 solid solution, the most likely ones are (Al,Ta,Ti)O2 and 
(Cr,Nb)O2. But with ΔGmix = 0.00984eV/at at 0 K (between the (Al,Cr, 
Nb,Ta,Ti)O2 and these products), the driving force for such a decom
position is extremely small and could easily be consumed by any 
nucleation barrier or strain formation. Even without these retarding 
energies that are typically present during decomposition, already above 
509 K, ΔGmix becomes negative due to the higher entropy of the (Al,Cr, 
Nb,Ta,Ti)O2 solid solution than the product phases. Hence, entropy 
stabilization is easily reached for such an isostructural decomposition 
scenario. But even more important for our oxidation scenario, the single- 
phased solid solution will form rather than individual oxide phases 
during the 850 ◦C oxidation experiment. Upon cooling, especially below 
509 K where ΔGmix would become positive, limited kinetics guarantee 
for the kinetic stabilization of the high-entropy metal-sublattice dioxide 
(Al,Cr,Nb,Ta,Ti)O2. 

Fig. 6. Indentation modulus, E, of the HESN coating with and without Si- 
alloying in the as-deposited state and after vacuum annealing at Ta up to 
1200 ◦C. Missing data points after annealing at 1100 and/or 1200 ◦C are due to 
complete spallation of the coating from their sapphire substrate due to the 
annealing treatment. The standard deviations are given as error bars. 

Fig. 7. (a) XRD patterns of the Si-free HESN coating 
in its as-deposited (a. d.) state and after exposure to 
ambient air at 850 ◦C for 100 h. The standard peak 
positions for TiN and rutile-structured TiO2 (r-TiO2) 
are indicated with black triangles and red squares, 
respectively. Details of the XRD regions around the 
dominating (101) and (112) peaks of r-TiO2 (indi
cated by blue arrows) for the HESN coatings without 
Si, with 6.4 at.% Si, and with 12.0 at.% Si are given in 
(b), (c), and (d), respectively, after the ambient-air 
exposure at 850 ◦C for 0, 0.5, 1, 5, 10, 30, and 100 
h. As-deposited coatings do not show any signal 
(other than the background) in this range.   
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Kirnbauer et al. [22] developed a single-phase rutile-structured high- 
entropy metal-sublattice dioxide of a similar composition 
(Al0.19Cr0.13Nb0.19Ta0.30Ti0.19)O2 by reactive magnetron sputtering, 
which stayed single-phase rutile-structured even when annealed at 
1200 ◦C. Developing a single-phase multi-elemental dioxide by PVD is 
taking advantage of kinetic limitations during PVD allowing to stretch 
the solubility-limits. But here we could show that the Al-containing solid 
solution rutile-structured dioxide forms by thermodynamic means dur
ing the oxidation of the HESN at 850 ◦C. The time-dependent develop
ment of this rutile-structured dioxide at the 
(Al0.20Cr0.26Nb0.15Ta0.16Ti0.23)N is shown with the (101) and (112) XRD 
peaks in Fig. 7b. The corresponding XRD patterns for the 6.4 at.% Si- 
containing coating, Fig. 7c, clearly show significantly lower-intensity 
XRD peaks. For 12.0 at.% Si (Fig. 7d) as well as for 15.0 at.% Si (not 
shown) no crystalline oxide peaks could be detected even after 100 h 
exposure at 850 ◦C, suggesting for a significantly retarded oxidation 
process or the formation of an XRD-amorphous oxide. 

With cross-sectional SEM investigations of the coatings after 1, 10, 
30, and 100 h oxidation at 850 ◦C (for the Si-free coating also after 5 h), 
we investigated the oxide-scale thickness evolution. Exemplarily this is 
shown for the Si-free and 6.4 at.% Si-containing sample after 100 h in 
Fig. 8a and b, respectively. While the Si-free coating exhibits a 2700 nm 
thick oxide scale, the Si-alloyed coatings show only a 280 nm thin oxide 
scale. Also, EDS-line-scans are conducted proving the relative homoge
neous chemistry of the growing oxide across the scale thickness (espe
cially for the Si-free sample). Furthermore important to mention is that 
the relative metal content within the remaining nitride is very similar to 
that in the growing oxide. For all oxide scales investigated, the elemental 
distribution of metals in the oxide scale is comparable to the samples 
shown in the manuscript. The only inhomogeneity detectable by SEM- 
EDS in the oxide scale is the O content that increases near the surface. 
The relatively long oxidation time of 100 h allows for an accurate 
determination of the oxidation kinetics derived from evaluating the 
time-dependent oxide-scale thickness, plotted in Fig. 8c. The oxidation 
kinetic for the scale growth on the Si-free sample, (Al0.20Cr0.26Nb0.15

Ta0.16Ti0.23)N, can best be described by parabolic behavior, whereas all 
Si-alloyed samples follow a logarithmic growth kinetic. The respective 
equations for the oxide thickness x as a function of time t, developed by 

Tammann [57,58], are 

x2 = kp⋅t+Cp (4)  

and 

x = kl⋅log(Cl⋅t+B), (5)  

with kp kl are the parabolic and logarithmic rate constants, respectively, 
and Cp, Cl, and B corresponding constants. The parabolic rate constant 
for the Si-free HESN at 850 ◦C is kp = (2.1 ± 0.1) ⋅ 10− 17m2s− 1 with Cp =

(− 1.4 ± 2.2) ⋅ 10− 14m2. As mentioned, all Si-alloyed HESN coatings 
follow a logarithmic oxide scale growth with a rate constant kl of about 
(7.2 ± 0.9) ⋅ 10− 8m, and Cl = (1.5 ± 1.3) ⋅ 10− 2s− 1 and B = 1.0 ± 0.5. 
Shen et al. [16], suspected already a logarithmic oxide growth behavior 
for their Si-containing (Al0.34Cr0.22Nb0.11Si0.11Ti0.22)50N50 at 900 ◦C. 
Oxidizing our Si-containing coatings (having a slightly different chem
ical composition, e.g., (Al0.17Cr0.25Nb0.15Si0.15Ta0.12Ti0.16)N for the 6.4 
at.% Si-containing case) for a much longer time (100 h) allowed us to 
confirm the logarithmic growth kinetic. The SEM cross sections of the 
oxidized Si-containing coatings show that the oxide scale thickness stays 
roughly the same between the different Si concentrations. Since the 
oxide peaks diminish with higher Si concentrations (Fig. 7c and d) this is 
a clear indication that higher Si concentrations allow the formation of a 
more dense amorphous oxide scale. The results clearly show that already 
the 6.4 at.% Si-containing coating, (Al0.17Cr0.25Nb0.15Si0.15Ta0.12Ti0.16) 
N, shows an exceptional oxidation resistance. While the addition of 
more Si does not markedly improve the oxidation resistance further, it 
influences the mechanical properties (Figs. 5 and 6). 

This oxidation resistance is superior to two comparable nitride 
coatings with lower metal-sublattice entropy, Ti0.45Al0.36Ta0.19N and 
Ti0.41Al0.56Ta0.03N, that were oxidized for 20 h in 850 ◦C hot air and 
yielded oxide scale thicknesses of ≈1000 and 750 nm, respectively 
[5,59]. (Ti,Al)N coatings (~4 μm thick), also investigated in both 
studies, were fully oxidized under the same conditions. 

Detailed TEM investigations show that the growing oxide scale be
comes significantly denser when Si is present. Bright-field and dark-field 
TEM cross-sections of the Si-free sample after 100 h at 850 ◦C in air are 
given in Fig. 9a and b, respectively. This sample shows a rather sharp 

Fig. 8. SEM cross-section of the HESN 
coating without Si (a) and with 6.4 at.% Si 
(b) after exposure to ambient air at 850 ◦C 
for 100 h. The recorded EDS-linescans 
across the oxide scale are placed directly 
to the corresponding part. The oxide scale 
thickness evolution with time at 850 for all 
HESN coatings investigated (with 0, 6.4, 
9.8, 12.0, and 15.0 at.% Si) is presented in 
(c). For comparison, also the oxide scale 
thickness of Ti0.45Al0.36Ta0.19N [5] and 
Ti0.41Al0.56Ta0.03N [59] coatings on sap
phire after 20 h at 850 ◦C is added. Note 
that the Si content in (b) is overestimated 
due to the interaction between Si and Ta 
EDS signals.   
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interface between nitride and growing oxide scale and interestingly, the 
columnar grains of the nitride are neatly continued into the oxide scale, 
Fig. 9b. SAED patterns taken from selected regions within the nitride and 
the growing oxide, indicated with (I) and (II) in Fig. 9a, show a single- 
phase fcc solid solution for the remaining nitride, and a single-phase 
rutile-structured solid solution for the oxide. Thus, these investigations 
support the conclusions derived from the XRD investigations (Fig. 7a). 
The rather distinct diffraction spots of the oxide pattern (Fig. 9b-II) 
indicate larger grains than within the nitride, which leads to a more ring- 
like SAED pattern (Fig. 9b-I). 

When Si is alloyed to the HESN, the interface between nitride and 
growing oxide is blurred, and within the oxide two regions can be 
distinguished, Fig. 9c. The nitride-near region basically resembles the 
columnar grain structure of the HESN and the outer region exhibits more 
equiaxed grains with a much smaller average size, as proven by dark 
field investigations, Fig. 9d. However, both regions are single-phase 
rutile structured, see the corresponding SAED patterns (III) and (IV) 
given in Fig. 9d. The smaller grains of the outer oxide lead to a more 
ring-like SAED pattern (IV). 

STEM investigations clearly show the blurred transition between Si- 
containing HESN and the growing oxide, Fig. 10a. After the transition 
zone - which is about 100 nm thick and where the O signal increases and 

the N signal decreases - the O content is about 63 at.%. This inner oxide 
shows almost no Cr, which is more concentrated in the outer oxide 
having also a higher O content of about 68 at.%. The Si content almost 
gradually decreases from a high value (at the interface to the remaining 
nitride) to a small one at the outer surface, where the Al content is 
highest. Also the Si-free sample shows an Al-rich and O-rich outermost 
region of the growing oxide scale, compare Fig. 8a. We could not detect 
any crystalline corundum in any oxidized coating neither by XRD or 
SAED, meaning that this Al-oxide layer is amorphous. The elements Nb 
and Ta are not given in the EDS line scan as their signals are essentially 
constant at ≈2 at.% across the entire scan through nitride and oxide. The 
STEM image furthermore suggests that the outer oxide contains signif
icantly more pores than the inner one. Thus, especially the inner oxide is 
able to be an effective diffusion barrier against further oxidation. The 
coating without Si leads to the formation of an oxide with much larger 
pores, Fig. 10b, up to 30 nm in diameter. Here, no denser sub-layer oxide 
is present and therefore also the oxidation kinetic is faster. 

4. Conclusions 

Alloying the reactively magnetron sputtered high-entropy sublattice 
nitride (Al,Cr,Nb,Ta,Ti)N with Si improves the performance under 

Fig. 9. Cross-sectional TEM investigations of the HESN coating without Si (a) and (b), and with 6.4 at.% Si (c) and (d) after oxidation in air at 850 ◦C for 100 h. (a) 
and (c) are BF, and (b) and (d) are DF TEM studies. The areas used for SAED are indicated in (a) and (c) by dashed white circles and labeled with (I), (II), (III), and 
(IV). The remaining nitride is still single-phase fcc rock-salt structured (SAED inset I), and all oxide regions indicate a single-phase rutile structure (SAED insets I, II, 
and III). 
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thermal and mechanical loading, and oxidative attack. Increasing the Si- 
content changes the coating morphology to finer and longer columns. 
All coatings exhibit single-phase solid solutions in fcc rock-salt structure, 
with lattice parameters increasing from 4.28 to 4.34 Å with increasing Si 
content. Upon vacuum annealing, this crystal structure was maintained 
until decomposition reactions set in at 1000 ◦C for the Si-free material. 
By Si-alloying the decomposition is shifted to higher temperatures and 
starts at about 1200 ◦C for the coating with 12.0 at.% Si. Si-enrichment 
at the grain boundaries as well as the severe lattice distortion (one of the 
core-effects of high-entropy materials) were determined by TEM- 
studies. 

With increasing Si content to 9.8 at.% the hardness of as-deposited 
coatings increases from 32 to 35 GPa. A further increase in Si causes a 
hardness drop to 24 GPa, which for the 12.0 at.% Si-containing coating 
can be reversed into a hardness increase to 37 GPa upon a subsequent 
vacuum annealing to 800 ◦C. Also, the other coatings (except for the 
highest Si-containing one with 15.0 at.% Si) experience a hardness in
crease (to a smaller extent) upon annealing. The indentation modulus 
decreases with increasing Si content from 470 to 350 GPa. 

Upon exposure to ambient air at 850 ◦C for 100 h, a single-phase 
rutile-structured oxide grows on the Si-free (Al,Cr,Nb,Ta,Ti)N coating 
with a parabolic growth rate kp of 2.110− 17 m/s. The formation of a 
single-phase multielemental dioxide is supported by DFT calculations of 
an equimolar (Al,Cr,Nb,Ta,Ti)O2, which is energetically more stable 
than the formation of the respective binary oxides (in the thermody
namically most stable configuration). Only the formation of a rutile- 
structured mixture of (Al,Ta,Ti)O2 and (Cr,Nb)O2 would be more 
favorable than the single-phase solid solution. But the higher entropy of 
the solid solution (Al,Cr,Nb,Ta,Ti)O2 ensures that already above 509 K 
its formation is preferred over these mixtures. 

The Si-containing HESN coatings exhibit a significantly reduced 
oxide scale growth kinetic, which at 850 ◦C can best be described with a 
logarithmic function of kl = 7.2 × 10− 8m, independent on the Si content 
investigated (between 6.4 and 15.0 at.%). Although, also here no 
different crystalline oxide phases could be identified, the oxide scale 
morphology is divided into a denser Si-rich inner oxide and a slightly 
more porous Cr-rich outer scale. Without Si, the oxide scale morphology 
is more uniform throughout the entire thickness but also more porous 

with pore diameters up to 30 nm. Our results suggest that especially the 
inner Si-rich but Cr-lean oxide scale, which is rather dense and well 
adherent without a sharp transition to the underlying nitride, guarantees 
for the excellent oxidation resistance of the Si-containing HESN (in 
addition to the thin, dense outermost Al-rich oxide). 
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