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Single-phase crystalline (Al,Cr,Nb,Ta,Ti)O, high-entropy oxide thin films were synthesized at 400 °C by reactive
magnetron sputtering of an equimolar Al-Cr-Nb-Ta-Ti-compound target. These show similar chemistry as well
as the same rutile structure, even when varying the relative oxygen flow-rate ratio (fo») during deposition over a
wide range. Upon increasing fo, from 30 to 80%, their hardness increases from 22 to 24 GPa and their in-

dentation moduli increased from 380 to 410 GPa. The materials stayed single-phase crystalline with the rutile
structure during vacuum annealing up to 1200 °C, only their orientation changed from random-like to highly

101-textured.

The development and continuous improvement of materials able to
withstand high temperatures and mechanical loads — allowing for an
increased machining tool and component lifetime — is an everlasting
topic. Protecting such components with thin hard coatings has become
a common strategy to (partly) achieve this task. Among the reams of
available materials or material combinations, binary or ternary transi-
tion metal nitrides (TMNSs) such as Ti-Al-N, Ti—-Al-Ta-N, or Cr-Al-N,
belong to the most important and widely applied protective coatings.
This is also because the structure of these nitrides is relatively stable
with respect to changes in deposition parameters, which always vary
when considering the 3D geometry of tools and components. To further
improve the nitrides, especially with respect to thermal stability and
oxidation resistance (unfortunately, the addition of Al is limited by the
concomitant promotion of the unwanted hexagonal phase [1]), ele-
ments such as Ta, Zr or lanthanoids are added [2-9]. The preparation of
hard and wear-resistant oxides such as a-Al,03 is more complicated,
especially at relatively low deposition temperatures (such as below
500 °C) [10,11]. In the case of Al,05 — when aiming for a crystalline a-
structured solid solution — the addition of a-stabilizing elements and the
oxygen flow rate play a major role [12-16]. Also for other physical
vapor deposition (PVD) synthesized oxides like TiO,, a strong depen-
dence on deposition parameters is reported, because TiO, easily grows
amorphous or in the metastable anatase structure if substrate tem-
peratures and/or oxygen flow ratios are not optimized [17].

Cantor et al. introduced a new alloying concept by mixing at least
five principal elements, to develop equiatomic multicomponent alloys
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[18]. They investigated alloys composed of up to 20 elements with
equiatomic composition. All these alloys were multi-phased, con-
stituting of a predominant face-centred cubic (fcc) structure (mostly
based on transition metals, notably Cr, Mn, Fe, Co and Ni) and inter-
dendritic phases containing the other elements. Based on these results,
so called high-entropy alloys (HEAs) or multiprincipal-element alloys
were introduced by Yeh et al. [19-22]. Alloys can be defined as HEAs,
when consisting of at least five principal elements (leading to a high
configurational entropy) and forming simple structures like fcc, body-
centred cubic (bcc), or hexagonal close-packed (hcp). The four core
effects in HEAs — high-entropy, severe lattice distortion, sluggish dif-
fusion, and the cocktail-effect — should lead to outstanding properties,
like enhanced hardness, toughness, and thermal stability, when com-
pared with conventional alloys, which in contrast are based on one or
two principal elements [23].

Yeh et al. were also among the first to prepare nitride coatings based
on the high-entropy concept, studying the material system
Al-Cr-Ta-Ti-Zr intensively [24-27]. An increased bending strain was
recently reported for Si-containing high-entropy nitride coatings [28],
proofing the potential of the high-entropy concept. Later than the ni-
trides, multi-element oxides based on Al-Cr-Ta-Ti-Zr synthesised by
reactive DC magnetron sputtering [29] were studied, yet these were
amorphous in the as-deposited state and became multi-phased crystal-
line after annealing. Ceramic materials (like nitrides, oxides, carbides,
and borides) are typically considered high-entropy, if they are single-
phased and composed of at least five corresponding binary nitrides,
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Fig. 1. SEM fracture cross-sections of our (Alp 19Cro 13Nbg 19Ta0.30Tio.10)O2 coatings (on Si substrates) prepared with different oxygen flow-rate ratios fo, of (a) 30%,
(b) 40%, (c) 50%, (d) 60%, (e) 70%, and (f) 80%. The horizontal white line, indicating the interface between substrate and thin film, is as long as the 2-uym-scale bar.

oxides, carbides, and borides, respectively, having an entropy S = 1.5R
(with R being the ideal gas constant) [30,31]. In this regard also several
high-entropy bulk oxides with different crystal structures (rock-salt,
fluorite-type, perovskite-type) were investigated showing a high-en-
tropy stabilization [32-34].

Here, we show results of high-entropy oxides synthesised by re-
active pulsed-DC magnetron sputtering of a single compound-target
composed of 20 at.% Al, Cr, Nb, Ta, and Ti. We aimed for a crystalline
solid solution motivated by the fact that PVD allows for high cooling
rates [35,36] and all elements except Al can form rutile-structured
oxides (having the rutile structure at least as a metastable phase pre-
sent). The morphology, structure, mechanical properties (indentation
hardness, H, and elastic modulus, E), as a function of the relative
oxygen flow rate ratio (fop) used will be discussed, as well as the
thermal stability of the coating prepared with the highest fo, of 80%,
which was also the hardest in the as-deposited state.

Various Al-Cr-Nb-Ta-Ti-O coatings were deposited on polished
100-oriented Si (20 x 7 x 0.38mm>®) and 1T02-oriented sapphire
(10 x 10 x 0.53mm?>) substrates by pulsed-DC (pulse frequency of
50 kHz and pulse length of 496 ns) magnetron sputtering of a powder-
metallurgically prepared AlgCrgoNbgoTagoTip, target (Plansee
Composite Materials GmbH) employing a modified Leybold Heraeus
7400 deposition system. The base pressure was below 0.3 mPa
(310" ®mbar) and the substrate-to-target distance (in a face-to-face
arrangement) was 4 cm. The relative oxygen flow-rate ratio [foo = Foo/
(Foo+ Fap), with Fop and Fu, being the flow rate of O, and Ar, respec-
tively] was varied between 30 and 80% - at a slightly varying process
pressure of 0.43-0.46 Pa, respectively — to obtain its influence on the
coating's structure and mechanical properties. Other than that, the
temperature and bias potential applied to the substrates was always
400 °C and —50V, respectively, and the deposition time was 110 min.
The 75-mm-diameter target was operated with a constant current of 0.5
A, leading to a power density of around 5.4 W/cm?. Fracture cross-
sections of the coatings (on Si substrates) were investigated by scanning
electron microscopy (SEM) using a FEI Quanta SEM equipped with a
field emission gun (FEG) to obtain growth morphology and coating
thickness. Their chemical compositions were obtained by energy dis-
persive X-ray spectroscopy (EDS), where the quantification of oxygen

was obtained by Fe,Os; calibration standards. Detailed transmission
electron microscopy (TEM, using a FEI TECNAI F20) was conducted of
the coating (on sapphire substrate) prepared with fo, of 70%. The se-
lected area electron diffraction (SAED) pattern was evaluated using
GATAN Microscopy Suite 3.

With respect to structure investigations, X-ray diffraction (XRD)
patterns were collected with Bragg-Brentano geometry employing a
PANalytical XPert Pro MPD (6-0 diffractometer) equipped with a Cu-Ka
source (A = 0.15408 nm, 45kV and 40 mA). Vacuum annealing treat-
ments of the coating (on sapphire substrate) prepared with the highest
fo2 of 80% were carried out in a Centorr LF20-2000 vacuum furnace at
T, = 800, 900, 1000, 1100, and 1200 °C with 10 min holding time at
peak temperature (the heating rate was 20 K/min and the cooling rate
was at least 50 K/min down to 200 °C). Indentation hardness, H, and
elastic modulus, E, of the coatings on sapphire substrates were obtained
by analysing the load-displacement curves of nanoindentation mea-
surements using an UMIS II nanoindenter, according to the procedure
by Oliver and Pharr [37].

All coatings prepared contain about 64-65 at.% oxygen, thus nearly
MeO, stoichiometry, regardless of the relative oxygen flow-rate ratio
used (which was between 30 and 80%). Also the content of the metal
elements is within the error of measurements, being about 11 at% for
Ta, about 7at% for Al, Nb, and Ti, and about 5at% for Cr.
Consequently, these coatings correspond to
(Alp.19Crg.13Nbg.19Tag.30Tip.19)02, when using the MeO, nomenclature.

Other than the chemistry, the growth morphology shows a depen-
dence on the relative oxygen flow-rate ratio fo, used. Coatings de-
posited with fo, = 30% show an initially dense and feature-less struc-
ture near the substrate, which changes to a more columnar-like growth
after 300-500 nm film thickness, Fig. 1a. A similar growth morphology
shows the coating processed with fo, = 40%, Fig. 1b. However, the
initially feature-less structure changes already after 200nm film
thickness towards a columnar growth-morphology, and the overall
thickness slightly decreased to 2.5 um. Further increasing fo, to 50%
further decreases the thickness-range of the feature-less structure (close
to the substrate), as well as the overall coating thickness, Fig. 1lc.

The feature-less region close to the substrate is still present for
foz = 60%, changing to columnar structure with increasing film
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Fig. 2. XRD patterns of our (Alg 19Cro.13Nbg 19Ta0 30Tip.19)O2 coatings on Si
substrates, grown with different fo, between 30 and 80% (the XRD patterns are
labelled with the corresponding foo). The small and sharp XRD peak at 26 ~33°
stems from the Si substrate. All coatings exhibit only one crystalline phase,
being of the rutile-type (the positions for rutile TiO,, r-TiO,, obtained from
ICDD #01-073-1782, are indicated).

thickness, Fig. 1d. But the columns of this coating grow with a denser
morphology and also the overall film thickness further decreases, due to
a higher poisoning-state of the target. Coatings prepared with fo, = 70
and 80%, Fig. 1le and f, still exhibit the glossy-like appearance at the
interface (where actually, transmission electron microscopy showed a
highly oriented crystal growth), followed by a more columnar-like
growth morphology (corresponding to those obtained by a competitive
growth of different-oriented crystals). These coatings have almost the
same thickness of 1.6 um, being slightly below that obtained for
fo2 = 60%.

All coatings prepared exhibit only one crystalline phase, being a
rutile-type solid solution. Their XRD peak shape is nearly independent
on the fo, used, Fig. 2. Rietveld analysis (using Si standards to minimize
measurement errors) leads to lattice parameters of a = 4.67 A and
¢ = 3.01A for the coating prepared with fo, = 30%. These are larger
than the TiO, reference (ICDD #01-073-1782) having a = 4.593 A and
¢ = 2.959 A. The coatings prepared with fo, = 40, 50, and 60% exhibit
lattice parameters of a = 4.67, 4.67, and 4.68 Aandc = 3.00, 3.01, and
3.014, respectively. Coatings prepared with the highest oxygen flow-
rate ratios (fo» = 70 and 80%) show a slightly smaller a lattice para-
meter of 4.66 108, combined with ¢ = 3.01 A. Consequently, the struc-
ture, the lattice parameters and the corresponding cell volume (with
V = a? X c of the tetragonal rutile structure), with 65.66, 65.60, 65.71,
65.76, 65.36, and 65.21 ;\3, are nearly independent on the relative
oxygen flow-rate ratio of 30, 40, 50, 60, 70, and 80% used during de-
position, respectively. The biaxial compressive stresses of the coatings
(obtained by the substrate curvature method) are about —1 GPa when
prepared with fo, = 30 and 40%, and about —2 GPa when prepared
with higher relative oxygen flow-rate ratios. The configurational en-
tropy of our (Alp 19Crp.13Nbg 19Ta0.30Tio.19)O2 coatings can (due to their
single-phase structure) be calculated to be 1.57R, thus clearly above the
required 1.5R of high-entropy materials.

The clearly single-phase nature of our oxide coatings was also
confirmed by detailed TEM and SAED investigations, showing no ad-
ditional grain or column boundary phases. Exemplarily, Fig. 3 shows
the cross-sectional TEM and SAED of the (Al 19Crg.13Nbg.10Ta0.30Tig.19)
O, coating prepared with fon = 70%. The growth morphology is fea-
ture-less close to the substrate and more columnar above this region, as
already mentioned during discussing the SEM images (Fig. 1). SAED
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Fig. 3. Cross-sectional bright-field TEM of the (Aly.19Cro.13Nbg.19Ta0.30Ti0.19)02
coating (on sapphire substrate) prepared with fo, = 70% in its as-deposited
state. The SAED of the region close to the substrate indicates a highly oriented
rutile structure with discrete diffraction spots (inset 1) whereas the region
above provides small variations in the orientation leading to more streak-like
diffraction (inset 2).

investigations show a single-phase rutile structure throughout the
coating thickness with a high orientation in the feature-less region (on
Si with its native SiO, surface as well as on sapphire substrates), see
insets 1 and 2, respectively. Hence, we envision the highly oriented
growth to be the reason for the feature-less appearance.
Corresponding to the chemical composition and crystal structure,
also the indentation hardness and modulus, are similar for all coatings
prepared. However, H as well as E slightly increase, from 22 to 24 GPa
and from 380 to 400 GPa, respectively, with increasing oxygen flow-
rate ratio, Fig. 4. This trend agrees with the growth morphology,
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Fig. 4. Indentation hardness H and modulus E (open symbols, right axis) of our
(Alp 19Cro.13Nbg 10Ta0 30Tip 10)0O> coatings on sapphire substrates, prepared
with oxygen flow-rate ratios fo, of 30 till 80%.
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Fig. 5. Indentation hardness H and modulus E (open symbols, right axis) of our
(Alp 19Cro.13Nbg 19Ta0.30Tio.19)O2 coating (on sapphire substrate) prepared with
fo2 = 80% in its as-deposited state and after vacuum annealing at T, = 800 till
1200 °C (10 min holding time at the peak temperature).

becoming denser with increasing oxygen flow-rate ratio, compare with
Fig. 1.

The coating with the highest hardness (24 GPa) in the as-deposited

state (which was prepared with the highest oxygen flow-rate ratio of
02 = 80%), still shows ~24 GPa even after vacuum annealing at
900 °C, Fig. 5. Annealing at T, = 1000 °C caused the hardness to de-
crease to ~21 GPa, but even when raising T, to 1200 °C, still 21 GPa are
obtained.

The indentation modulus shows an opposite behaviour of nearly
stable values up to T, = 900 °C, with an increase from ~400 to 460 GPa
when increasing T, to 1000 °C, and again nearly stable values when T,
is raised further to 1200 °C. The rather distinct change in H and E when
increasing T, from 900 to 1000 °C, with nearly constant values for lower
respectively higher temperatures (Fig. 5), basically stems from changes
in average coherently diffraction domain sizes (CDS) and crystal or-
ientation. Detailed XRD studies (not shown here) indicate an increase in
CDS from ~4 to 30 nm and a change in crystal orientation from nearly
random to highly (101) textured when annealed at T, = 1000 °C.

Based on our results we can conclude that the preparation of crys-
talline and single-phase, thus high-entropy, oxides from equimolar
Al-Cr-Nb-Ta-Ti targets show nearly similar chemical compositions and
the same rutile-type structure over a rather wide oxygen flow-rate ratio
(fo2, which was varied between 30 and 80%) used. Only the growth
morphology and total coating thickness slightly depend on fo,, being
more dense and columnar-like, but also thinner for higher fo,.
Therefore, H and E of our (Al 19Crg 13Nbg 19T 30Tip19)O2 coatings
slightly increase from 22 to 24 GPa, and 380-400 GPa, with increasing
foo from 30 to 80%.

The coatings remain with their single-phase crystalline rutile
structure up to the maximum annealing temperature of 1200 °C tested.
During annealing at T, = 1000 °C their nearly random crystal orienta-
tion changes to a highly 101-texture, causing the hardness to decrease
and the indentation modulus to increase, as shown for the coating
prepared with fo, = 80%. For this coating, H decreases from 24 to
21 GPa and E increases from 400 to 460 GPa, when T, increases from
900 to 1000 °C.

Consequently, the high-entropy effect of our (Al,Cr,Nb,Ta,Ti)O,
coatings leads to a significant stabilisation of their rutile structure
(being a stable structure for TiO,, and a metastable one for CrO,, NbO,,
and TaO.,).
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