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HIGHLIGHTS

« Ta, CeSi,, and LaBg show a cumulative
effect on strength and stability for (Ti,
AIN.

« Slowest oxidation kinetic (k, = 0.399
x 107 um?/s @ 900 °C) for the
CeSi; + LaBg alloyed (Ti,Al,Ta)N.

« CeSi, and LaBg allow to
simultaneously use the benefits of Si,
B, and the reactive element effect.

« CeSi, and LaBg are beneficial over
their elemental form also for the
target production.
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GRAPHICAL ABSTRACT

Cumulative effect of Ta, CeSi,, and LaB, on hardness and especially oxidation resistance

Oxidation treatment in ambient
airat 900 °C
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ABSTRACT

Alloying (Ti,AI)N with Ta, CeSi, or LaBg is beneficial for both hardness and thermal stability. Here we
show that their different mechanisms allow for a cumulative improvement when alloyed together, which
is especially pronounced for the oxidation resistance. During isothermal oxidation treatments in ambient
air at 900 °C (for up to 25 h), Tip44Alp44Tag 12N allows for a parabolic scale growth rate constant kj, of
6.039 x 107 pm?/s. This is reduced to 2.074 x 107 and even 0.399 x 10~ um?/s when alloying with
2 mol% CeSi, respectively CeSi, + LaBg (1 mol% each). The oxide scale growth kinetics for the latter can
be even better described by a logarithmic or cubic law. In the as-deposited state the CeSi, and
CeSi, + LaBg alloyed (Ti,Al,Ta)N are single-phase fcc structured providing an indentation hardness of
32.6 + 1.5 and 37.8 + 1.5 GPa, combined with an indentation modulus of 496 + 22 and 496 + 14 GPa,
respectively. After vacuum-annealing at 1000 °C, their hardness is still 33.0 + 1.6 and 34.8 + 1.1 GPa,
and noticeable formation of hexagonal AIN and TaNy phases can only be detected by X-ray diffraction
when annealed at temperatures above 1200 °C.
Using CeSi; and LaBg instead of their elemental form is furthermore beneficial for the target production
itself, as Ce and La are highly reactive.
© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

* Corresponding author.

1. Introduction

Face centered cubic (fcc) structured (Ti,Al)N-based hard coat-
ings are most prominently used to protect machining tools and
components especially against a severe combination of mechanical
and thermal loading [1,2]. For machining operations, thereby pro-
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tected tools allow for increased cutting speeds, reduced coolant
flows, and even dry machining [3]. A significant improvement of
(Ti,AI)N coatings - besides their optimization via growth morphol-
ogy and Al content [4] - has been achieved through alloying with
additional elements [5], out of which Si and Ta are explicitly
mentioned.

An optimized addition of Si (typically only up to a few at%)
allows for a dense growth morphology, increased cohesive
strength of grain and column boundaries, and increased mechani-
cal strength and thermal stability with outstanding oxidation resis-
tance [6-10]. “A lot helps a lot” has its limits as the Si content
needs to be balanced to the Al content to avoid the formation of
the hexagonal close packed wurtzite-type AIN-based phase (sim-
ply abbreviated here with w-AIN to indicate its structural differ-
ence from another important hexagonal phase in this work, h-
Ta;N, being Fe,N-type [11,12]) as well as an excessive Si-N-based
boundary phase - both of which typically reduce the mechanical
strength [9,10,13,14]. An optimized addition of Si to TiN further-
more helped to increase its fracture toughness to 4.5 + 0.6 MPa,/m
[15].

The addition of Ta also allows for increased thermomechanical
properties as well as oxidation resistance [16,17], and even
increased fracture toughness values (up to 4.7 + 0.2 MPa,/m) are
reported for (Ti,AI)N when alloyed with Ta [18]. Again, too much
is counteractive and the maximum or optimized Ta content also
depends on the Ti content - optimal Ta/Ti ratios for improved oxi-
dation resistance of fcc-(Ti,Al,Ta)N coatings are reported to be ~1/3
[19]. Important to mention is that the available N-supply needs
attention as well. This is valid for Si as well as Ta addition as both
promote the formation of other stoichiometric nitrides than the
1:1 preferred by Ti and Al - this unfortunately is sometimes not
taken care of.

However, the mechanisms of Si and Ta for improved oxidation
resistance, mechanical strength, and fracture toughness are differ-
ent. Increasing the mechanical strength via the addition of Si is
rather straight forward as thereby a dense growth morphology is
obtained and especially the cohesive strength of the typically weak
grain and column boundaries is improved. Adding Ta not always
improves the mechanical strength of (Ti,Al)N, even if the coatings
seem to be single-phase fcc structured. The reasons might partly
be in the energetically promoted formation of vacancies for TaNy
with respect to TiN or AIN, which strongly depends on the available
N-supply and N, chemical potential. Lower N-supply and N, chem-
ical potentials promote the formation of N-vacancies for fcc-TaN,,
even up to 50 % vacancies of the N-sublattice (i.e., TaNgs) [20].
Thus, not only the formation of hexagonal TaNy phases need to
be considered (when alloying Ta to (Ti,Al)N), but also the metal/
non-metal ratio in an otherwise single-phase fcc-structured (Ti,
AIN.

The improved oxidation resistance of (Ti,Al)N through the alloy-
ing with Si is based on multiple effects like a retarded anatase-to-
rutile TiO, phase transformation, a promoted outermost Al,O3
layer formation, and a dense and well-adherent Si-rich oxide for-
mation at the oxide/nitride interface [9]. Tantalum on the other
side, promotes the formation of a dense and well-adherent
rutile-structured Ti-rich inner oxide-scale on (Ti,AI)N (with an
outermost Al,Os-based scale), resulting in reduced oxide growth
kinetics when compared with (Ti,AI)N [16-18].

Recently, we showed that already the small addition of 1-2 at%
Ce (metal fraction) to (Ti,Al)N also leads to an increased hardness,
thermal stability as well as oxidation resistance [21]. The latter is
based on the Ce-promoted formation of a dense and well-
adherent alumina-based oxide scale [21] — also known as the reac-
tive element effect in chromia and alumina formers - and thus
deviates from the mechanism provided by Ta. Small additions of
reactive elements such as Ce and La to structural and coating mate-
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rials - especially those on which chromia or alumina scales form -
are beneficial for their oxidation protection, but they can also
enhance their mechanical properties [22-30]. The combined alloy-
ing of (Ti,Al)N with Ce and Si further improves hardness, thermal
stability, and oxidation resistance [31]. This had another positive
impact, as for the powder metallurgical prepared target develop-
ment the more oxidation resistant CeSi, powder could be used
instead of the reactive element Ce. A corresponding improvement
in hardness, thermal stability, and oxidation resistance of (Ti,Al)N
is also reported through the alloying with LaBg (using an LaBg
alloyed Ti-Al target) [32], although with a slight advantage for
CeSi,. These studies additionally show that the Ta, CeSi,, and
LaBg alloyed Ti-Al targets allow for an increased sputter rate com-
pared with Ti-Al (improvements by a factor of up to 2.3 [21,31-33]
are reported).

The synergistic effects of these elements (Ta and CeSi, as well as
LaBg), motivated us to study their combination. Therefore, we
developed nitride coatings sputtered from CeSi, alloyed (2 mol%)
as well as CeSi; plus LaBg alloyed (1 mol% each) Ti-Al-Ta targets.
These two different coatings were studied with respect to their
phase composition, crystal structure, mechanical properties (in-
dentation hardness H and indentation modulus E), as well as ther-
mal stability (vacuum annealing treatments up to 1300 °C) and
oxidation resistance (ambient air exposure at 900 °C for up to
25 h). The results are presented and discussed in context with ear-
lier studies [33] of correspondingly prepared (Ti,Al)N, (Ti,Al,Ta)N,
and Ce alloyed (Ti,Al,Ta)N coatings.

2. Experimental

CeSi, alloyed and CeSi, + LaBg alloyed (Ti,Al,Ta)N coatings were
developed by magnetically unbalanced magnetron sputtering of 3-
inch  Tig.44Alp.44Tao.10(CeSiz)o02 and Tig.44Alo.44Tao 10(CeSiz)o.01(-
LaBg)oo1 compound targets, respectively, with a mixed Ar + N,
glow discharge (both gases of 99.999 % purity). These powder met-
allurgical targets (purity of at least 99.7 %) are developed by Plan-
see Composite Materials GmbH via alloying 2 mol% CeSi,
respectively 1 mol% CeSi, plus 1 mol% LaBg to the Ti-Al-Ta compos-
ite (with an Al/Ti ratio of 1 and to have 10 at% Ta in the final target
composition) [34]. The deposition system is based on a Leybold
Heraeus Z400, which features a shutter between the parallel facing
target and substrate holder (the used substrate-to-target distance
was 4 cm). Prior to loading the substrates [(1-102)-oriented sap-
phire (10 x 10 x 0.53 mm?), polycrystalline Al,03 (20 x 7 x 0.38
mm?), austenitic steel platelets, as well as low-alloy steel foils] to
the deposition chamber, they were cleaned in an ultrasonic ace-
tone and ethanol bath for 5 min each.

After reaching a base pressure of at least 5 x 10~ Pa, the sub-
strates were heated to Ts = 430 + 20 °C and Ar-ion etched at a pres-
sure of 1.3 Pa (the Ar flow Fa, was set to 120 sccm) for 10 min (with
an Ar glow-discharge between substrate and shutter, through
applying a pulsed DC substrate potential of —150 V, pulse
frequency = 150 kHz, and pulse duration = 2496 ns). Also, the tar-
gets were pre-cleaned with this Ar pressure (powering the mag-
netron with a DC current of I, = 1 A) for the last 3 min of the
substrate etching process. After this, the parameters were adjusted
for the deposition - Ts and I, were not changed, the substrate bias
potential was set to =50 V DC, Fa, was reduced to 24 sccm and the
N, flow Fy, was set to 8 sccm (resulting in an N,-flow rate ratio
fnz = Fna/(Fnz2 + Far) of 0.25 and a total pressure of ~0.35 Pa) -
and the shutter was removed to start the deposition for 20 min.

The chemical compositions of as-deposited coatings are
obtained by energy dispersive X-ray spectroscopy (EDS). Their
growth-morphology is studied via fracture cross sections by scan-
ning electron microscopy (SEM, field emission gun FEGSEM Quanta



P.H. Mayrhofer, S. Kagerer, P. Polcik et al.

200). Structure and qualitative phase analysis of as-deposited as
well as vacuum-annealed coatings are conducted by Bragg-
Brentano X-ray diffraction (XRD) with monochromatic Cu Ky, radi-
ation (Empyrean PANalytical diffractometer). To avoid any sub-
strate interference for these detailed XRD studies powdered free-
standing coating material was used, which was obtained by chem-
ically dissolving the coated Fe-foil with 10 % nitric acid at 40 °C.
The thereby obtained free-standing coating fragments were
ground to fine powder with a ceramic mortar.

Indentation hardness (H) and modulus (E) of the coatings (as-
deposited and after vacuum annealing) on (1-102)-oriented sap-
phire are obtained through nanoindentation experiments using
an UMIS II nanoindentation system equipped with a Berkovich
tip, following the procedures described in Refs. [35-38] and
assuming a film Poisson ratio of 0.25.

The as-deposited coatings [on (1-102)-oriented sapphire sub-
strates and powdered free-standing coating material] are
vacuum-annealed at temperatures T of 800, 900, 1000, 1100,
1200, and 1300 °C for 10 min (at T) using a Centorr LF22-2000 vac-
uum furnace (heating rate was 20 K/min and cooling rate by turn-
ing off the heater was > 50 K/min down to 100 °C). Additionally, the
coatings on sapphire are oxidized in ambient air at 900 °C for 1, 3,
5,10, and 25 h within a Nabertherm furnace, after which the oxide
scale was investigated by SEM and EDS line-scans of the metallo-
graphically embedded and polished cross sections. The oxide scale
thickness value is the mean of 5 measurements (with ~1 pm spac-
ing between measurement points) on each of these samples during
their SEM studies.

3. Results and discussion
3.1. Chemical composition, structure and growth morphology

The chemical compositions of the CeSi, and CeSi, + LaBg alloyed
(Ti,AlL,Ta)N coatings are summarized in Table 1, with respect to the
target from which they were prepared. Their metal fractions are
close to those of the respective target, with only slightly higher
Ta contents. To account for the uncertainty of EDS especially for
light elements, the CeSi, and LaBg fractions are based on the Ce
and La content, respectively.

Additionally, the metal as well as CeSi, and LaBg content is
related to the sum of Ti + Al + Ta, to indicate that it is still open
how CeSi;, and LaBg are distributed among the material (which ele-
ment is at which sublattice or phase is unknown except for Ti, Al,
and Ta).

Thus, their nomenclature would be Tig 43Alg 43Tag 14N(CeSi3)o 02
and Tig42Alo.44Tag 14N(CeSi;)o.01(LaBg)o.01, but for easier reading
these are also referred to as CeSi, and CeSi, + LaBg alloyed (Ti,Al,
Ta)N. XRD studies of powdered free-standing coating materi-
als (after chemical dissolution of their low-alloy steel substrates)
clearly show their single-phase TiN-based fcc structure, corre-
sponding to that of (Ti,AI)N, (Ti,Al,Ta)N, and (Ti,Al,Ta)N+Ce (from

Table 1
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Fig. 1. X-ray diffraction patterns of Tig43Alg 57N, Tig.4Alp44Tag 12N, Tip43Alp42Tag 14-
Ceo 01N, Tig.43Alo.43Tap.14N(CeSi3)o.02, and Tig.43Alo.43Tap.14N(CeSiz)o.01(LaBg)o.o1 coat-
ings (removed from their substrate and grind to powders). The data for (Ti,AI)N, (Ti,
Al,Ta)N, and (Ti,AL,Ta)N + Ce are from [33].

Ref. [33]), Fig. 1. The respective XRD peak positions indicate lattice
parameters of 4.21 + 0.01 A for both coatings.

The gl'OWth rates (R) of Ti0_43A10.43Ta0_14N(Ce512)0_02 and TiO.42'
Alo'44T3.0'14N(Cesi2)0_01(LaBs)O_(n are with 225 and 305 nm/min,
respectively, much higher than that of Tig43Alg57N (R ~ 77 nm/m
in [32]), which was prepared with the identical deposition condi-
tions and system. For comparison, the Tig 44Alg.44Tag 12N and Tig 43-
Alg 45Tagp 14Ceo 01N coatings yield growth rates of 239 and 209 nm/
min, respectively [33].

The increased deposition rate when using heavy-element
alloyed Ti-Al targets can be attributed to a higher volume-
density of collision cascades in the surface-near regions of the tar-
get and enhanced secondary electron emission, which is especially
the case for the Ta + CeSi, + LaBg alloyed TigsAlg 5 target. The latter
allows for the highest R of 305 nm/min among these coatings
investigated. However, contrary to Tig44Alg44Tag 12N, which exhi-
bits a clearly visible columnar growth throughout the entire coat-
ing thickness, Fig. 2a, the addition of Ce already causes the column
size to decrease, Fig. 2b, which is even more pronounced for the
CeSi, and CeSi, + LaBg alloyed (TiAlTa)N, Fig. 2c and d,
respectively.

The latter even exhibits an almost featureless cross-section,
which we attribute to the combined effects of the heavy elements
Ce and La as well as the well-reported grain-refinement effects of
Si and B. Please note that the N,-partial pressure for sputtering
the individually alloyed Ti-Al targets was unchanged, although
the deposition rates hugely increase with alloying content.

EDS results of our CeSi,-alloyed and CeSi,-LaBg-alloyed Ti-Al-Ta-N coatings with respect to the respective target composition (the total pressure was 0.35 Pa, the N,-to-total-
pressure ratio was 0.2, the target current was 1.0 A, the substrate temperature was 430 + 20 °C). X refers to either Ti, Al, Ta, CeSi,, or LaBg.

Target composition Film composition

X/(Ti + Al + Ta)

(mol%) (at%) (-)

Ti Al Ta CeSi, LaBg Ti Al Ta Ce Si La B N Ti Al Ta CeSi, LaBg
44.0 44.0 10.0 2.0 - 18.2 18.3 6.0 0.7 2.1 - - 54.7 0.43 0.43 0.14 0.02 -
44.0 44.0 10.0 1.0 1.0 15.6 16.4 5.0 0.4 1.9 0.5 4.3 55.9 0.42 0.44 0.14 0.01 0.01
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Fig. 2. Fracture cross-sectional SEM micrographs of as-deposited (a) Tig 44Alo.44Tag 12N, (b) Tig 43Al0.42Tap 14Ce0.01N, (€) Tig43Al0.43Tag 14N(CeSiy )o.02, and (d) Tig.43Alp 43Tag.14N
(CeSiz)o.01(LaBg)o.01 coatings on Si substrates. The scale bar marks also the interface between nitride coating and substrate (please note that the deposition time for (a)
Tio.44Alp.44Tag12N and (b) Tig43Alp.42Tag 14Ce0.01N was 15 min [33], while for (c) Tig43Alp.43Tap 14N(CeSiz)o.02 and (d) Tig.43Alp.43Tao.14N(CeSiz)o01(LaBe)oo1 it was 20 min).

3.2. Mechanical properties

The hardness, H, of the (CeSi,) alloyed (Ti,AlL,Ta)N is with
32.6 £ 1.5 GPa very similar to that of Ti0_43A10A57N, Ti0.44A10.44T30.12-
N, and Ti0.43A10.42T30.14C80.01N haVing 33.7 £+ 0.7, 329 £+ 1.4, and
34.9 + 1.4 GPa, respectively, see Fig. 3.

However, when using LaBg as an additional ingrediency to
CeSi,, to obtain the CeSi, + LaBg alloyed (Ti,Al,Ta)N, the hardness

(a) L T T T T

H (GPa)
(S
.I....I..|T|.:'I_.|...I..

—
O

) ———

5507 ®-.. .
- ] ]
[\] -1 =N @, -
U I E i ]
o ] o ]
N ] ﬁo ]
" 450 z z— =z ;S%'.

1z £ £ e ﬂ.g‘; ]
1 < < < o <o <o ]
400 - = = = = = -
] E E EQ EQ EQ ]
1 1 1 1 1

(Ti,Al)N-based coatings

Fig. 3. (a) Indentation hardness, H, and (b) indentation modulus, E, of as-deposited
Tio.43Alo57N, Tio.a4Alp.44Tao 12N, Tio 43Al0.42Ta0.14C€0.01N, Tio.43Alp.43Ta0.1aN(CeSiz)o.02,
and Tip 43Alp.43Tao.14N(CeSiz)o.01(LaBg)oo1 coatings on sapphire substrates. The data
for (Ti,A)N, (Ti,AL,Ta)N, and (Ti,AL,Ta)N + Ce are from [33]. The single data point
(empty symbol) in (a) and (b) is for the Ta-free 2 mol% LaBg-alloyed Tig 43Alp 57N
[32].

increases to 37.8 + 1.5 GPa. This coating exhibits the finest growth
morphology among the four (Ti,Al,Ta)N coatings compared here
(Fig. 2). Hence, grain refinement strengthening (as described by
the Hall-Petch relationship [39-41]) is most pronounced here.
However, as Tig43Alg42Tag14Cep 01N exhibits also a much finer
growth morphology than Tig 44Alp 44Tag 12N, but their hardness val-
ues are comparable, the data indicate that Si and B additionally
improve bond strength and cohesive strength of the grain and col-
umn boundaries [6-8]. The even slightly decreased hardness for
the CeSi, alloyed (Ti,Al,Ta)N with respect to the Si-free and only
Ce alloyed one, might be a consequence of the not adapted N,-
partial pressure. The Tig44Alp44Tag.10(CeSiz)o02 target allows for
an even higher sputter rate than the Tig44Alg44Tag.10Ce0,02 target,
delivering more metallic species to the growing film. Thus, the
metal-to-nitrogen arrival ratio (for the same Nj-partial pressure)
is higher for the CeSi, alloyed (Ti,Al,Ta)N than for the Ce-alloyed
one.

The 2 mol% CeSi, alloyed (Ti,Al)N coating (Ta-free) does provide
an ~4 GPa higher hardness than its Si-free relative (Tig4gAlg.s0-
Ceg02N) [31]. Similarly, the 1 mol% LaBg alloyed (Ti,Al)N coating
(Ta-free) is with 39.3 + 2.1 GPa much harder than Tig43Alg 57N
[32], Fig. 3a. These data - which are all obtained with the same
deposition conditions, equipment, and N,-partial pressure - sug-
gest that especially with the presence of Ta, the N,-partial pressure
needs attention with respect to the provided metal flux.

While the hardness is highest for the CeSi, + LaBg alloyed (Ti,Al,
Ta)N among the four (Ti,Al,Ta)N coatings, its indentation modulus,
E, is among the lowest with 496 + 14 GPa. The CeSi, alloyed one
provides a similar value of 496 + 22 GPa. Consequently, the H/E
(elastic strain to failure) and H3/E? (resistance to plastic deforma-
tion) ratios are highest for Tig42Alg.44Tag.14N(CeSiz)o.01(LaBs)o.o1s
suggesting for a higher wear resistance and in particular toughness
[42,43].

3.3. Thermal stability

Corresponding to the previous studies on (Ti,Al,Ta)N and Ce
alloyed (Tl,Al,Ta)N (i.e., Ti0.44A10.44T30.12N and Ti0.43A10.42T30.14-
Ceg1N), the thermal stability of the CeSi, and CeSi, + LaBg alloyed
(Ti,Al,Ta)N was studied via vacuum annealing of powdered coating
material and subsequent XRD measurements, see Fig. 4. We use
the previously investigated Tig44Alp44Tag12N as a reference [33],
which maintains an fcc solid solution up to an annealing tempera-
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Fig. 4. XRD patterns from the powders of (a) Tip.44Alo.44Tao.12N, (b) Tig43Alp43Tag.14N(CeSiz)o.02, and (c€) Tip.43Alp.43Tag 14N(CeSiz)o.01(LaBe)oo1 coatings, in their as-deposited
state and after vacuum-annealing for 10 min at T = 800, 900, 1000, 1100, 1200, and 1300 °C (from bottom to top). The data for (Ti,Al,Ta)N are from [33]. Peak positions of ICDD
reference data are indicated: blue squares fcc-TiN (#00-038-1420), red empty squares fcc-AIN (#00-046-1200), empty green hexagons w-AIN (#00-025-1133), orange
empty diamond h-Ta,N (#00-026-0985). The orange diamonds indicate the positions for an ordered structure of the latter, h-Ta,N’, as suggested by [44]. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

ture of T = 1000 °C. For higher temperatures, the evolving small
XRD peak at ~33.8° indicates the formation of the hexagonal
wurtzite-type AIN (w-AIN), which is characteristic for (Ti,Al)N-
based coatings and typically follows a spinodal decomposition.
The small peak at ~41.5°, which is present for T = 1300 °C as a
left-hand shoulder of the 200-peak, indicates the formation of
the hexagonal structured Ta,N. Actually, as suggested by [44], only
the ordered form of h-Ta,N exhibits this superstructure reflex. The
corresponding reflexes at 35.1° and 41.2° are therefore indexed
with h-Tap;N’ in Fig. 4. Already at 1200 °C the slightly increased
background-level at this diffraction angle might be due to this
Ta,N formation.

The CeSi, and CeSi, + LaBg alloyed (Ti,Al,Ta)N do show corre-
sponding changes of their XRD response already after annealing
at 1000 °C, with the tendency of slightly more pronounced small
XRD peak formation at ~35.5 and 41.5° (and thus hexagonal phase
formation) for the CeSi, + LaBg alloyed (Ti,Al,Ta)N. Especially the
earlier onset of the h-Ta;N formation might be a consequence of
the not optimized N,-partial pressure during their deposition. For
example, Ti0_43A10.42T80414C60_0]N as well as the 2 mol% CeSi,
alloyed (Ti,Al)N exhibit signs for an hexagonal phase formation
only after annealing at 1200 °C [31,33].

These structural changes are essentially responsible for the
coating’s response to nanoindentation when annealed at T, Fig. 5.
The CeSi, + LaBg alloyed (Ti,Al,Ta)N - although starting at a higher
value - shows a slightly earlier decline in H with increasing T above
900 °C than the CeSi, alloyed (Ti,Al,Ta)N. However, after annealing
at 1000 °C, the CeSi; alloyed and the CeSi, + LaBg alloyed (Ti,Al,Ta)
N coatings still yield 33.0 £ 1.6 and 34.8 + 1.1 GPa, respectively,
Fig. 5a. During annealing at 1100 °C, both coatings experienced
crack formation and spallation. This coincides with the annealing
temperature at which more pronounced XRD peaks at the positions
for w-AIN and h-Ta,N phases are present.

Contrary, the (Ti,Al,Ta)N coating [33] allowed annealing at
1100 °C, after which it exhibits a higher hardness (35.5 + 1.5
GPa) than in the as-deposited state (32.9 + 1.3 GPa), stemming
from age-hardening processes. Nanoindentation shows that this
already sets in for T = 900 °C, Fig. 5, although XRD indicates nearly
no change up to T = 1000 °C. But as nicely shown by Rachbauer
et al. [45] - actually for the same annealing temperature of
900 °C - even if XRD suggests for no significant changes (except
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Fig. 5. (a) Indentation hardness, H, and (b) indentation modulus, E of Tig 43Alg 57N,
Tio.44Alo.44Tag.12N, Tio.43Al0.42Ta014Ce0,01N, Tig.43Alo.43Ta0.14N(CeSiz)o02, and Tip.43-
Alg 43Tag.14N(CeSiz)o01(LaBg)o.01 coatings on sapphire substrates in their as-depos-
ited state and after vacuum-annealing at T = 800, 900, 1000, 1100, and 1200 °C. The
error bars represent the standard deviations from the mean values obtained from
up to 20 film-only H and E values for each sample. The data for (Ti,A)N, (Ti,Al,Ta)N,
and (Ti,Al,Ta)N + Ce (empty symbols) are from [33].

for a small shift in XRD peak positions, as also obtained here) atom
probe tomography yields ongoing spinodal decomposition. This
also caused the hardness of (Ti,Al)N to increase when annealed at
900 °C, like for the (Ti,Al,Ta)N coating presented here. Annealing
at 1200 °C, at which for (Ti,Al,Ta)N now also more pronounced
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peaks at the positions of w-AIN and h-Ta,N are present, causes the
hardness to decrease to 30.4 + 1.3 GPa.

For comparison we also added the data of the Ce alloyed (Ti,Al,
Ta)N to Fig. 5, exhibiting a very similar trend as the CeSi, alloyed
one, only that for this coating no crack formation or spallation
occurred even during annealing at 1200 °C, after which the hard-
ness was still 33.9 + 1.4 GPa [33].

The two chemically complex coatings, the CeSi, and the CeSi, +-
LaBg alloyed (Ti,Al,Ta)N, exhibit together with the previously inves-
tigated Ce alloyed (Ti,Al,Ta)N the lower bound of the indentation
moduli. Overall, the variation of E with T is similar to that of H; ini-
tially E increases with T until the formation of w-AIN and/or h-
Ta,N is significant. However, the variation in E seems to be more
pronounced, please notice that the E axis covers a range of 200
GPa, while the H axis covers a range of 20 GPa, Fig. 5b.

The CeSi, and the CeSi, + LaBg alloyed (Ti,Al,Ta)N exhibited
massive crack formation and spallation (from the sapphire sub-
strate) when annealed at 1100 and 1200 °C. However interestingly,
their indentation modulus continuously increases from ~496 to
525 GPa with increasing T to 1000 °C, contrary to their hardness,
which tends to decrease for T > 900 °C.

Also the Ce alloyed (Ti,Al,Ta)N shows such a behavior. An expla-
nation for this could be the variation in vacancy content [46,47].
We envision that with increasing chemical complexity the vacancy
content increases as well and sputtering is generally known to
favor such. Thus, in the as-deposited state these chemically most
complex coatings might also contain a higher density of vacancies
than (Ti,AI)N or (Ti,Al,Ta)N.

These additional vacancies are responsible for an increased
hardness (upon vacancy hardening: the hardness increases as more
obstacles for dislocation glide and sites for their pinning are pre-
sent) but simultaneously decreased indentation modulus (as there
are fewer metal-nitrogen bonds), with respect to (Ti,Al)N or (Ti,Al,
Ta)N. Such a contradicting dependence of H and E on the vacancy
content of nitrides was extremely nicely investigated and pre-
sented by Shin et al. [48] with the help of single-crystal TiNL(001)
layers.

Upon annealing the (Ti,Al,Ta)N-based materials, their vacancy
content decreases to reach thermal equilibrium - in addition to
other recovery processes where deposition-induced structural
defects rearrange towards lower energy-sites. This ultimately
causes the E modulus to increase but H to decrease as long as there
is no change in crystal structure and overall distribution of
elements.

The latter is mentioned because spinodal decomposition of e.g.,
fcc~(Ti,AI)N into Al-rich and Ti-rich fcc-(Ti,Al)N domains would
cause E as well as H to increase [45], similar to strain hardening.
Consequently, superposition of these processes (reduction in
vacancy content and spinodal decomposition) can lead to a more
pronounced increase in E than for H, or for a nearly constant H,
as the overall impression of Fig. 5 suggests.

3.4. Oxidation resistance

In addition to the thermal stability investigations in vacuum,
the oxidation resistance of the CeSi, and the CeSi, + LaBg alloyed
(Ti,Al,Ta)N was investigated by exposing them to ambient air at
900 °C for 1, 3, 5, 10, and 25 h. To obtain the oxide scale thickness,
the samples were embedded for their metallographic preparation,
polished, and subsequently investigated using SEM and EDS. The
oxide scale of the CeSi, alloyed (Ti,Al,Ta)N after 10 h at 900 °C is
~800 nm, Fig. 6a. For the most complex coating (additionally con-
taining LaBg) the oxide scale is even thinner, only ~450 nm, Fig. 6b.
Still after 25 h the oxide scale is only ~550 nm, Fig. 6c.

To investigate in detail the depth of oxygen diffusion into the
coating, EDS line-scans were taken on the CeSi, + LaBg alloyed
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Fig. 6. Polished cross-sectional SEM images after oxidation at 900 °C for (a) Tig.43-
Alg.43Tag.14N(CeSiz)o 0z after 10 h, (b) and (c) Tip.43Alo.43Tag 1aN(CeSiz)o.01(LaBs)o.o1
after 10 and 25 h, respectively. The scale bar marks also the interface between
nitride coating and oxide scale.

(Ti,AL,Ta)N coating after ambient-air-treatment at 900 °C for 1,
10, and 25 h, Fig. 7. The ~6-pum-thick coating shows only a tiny
indication for an increased oxygen content at its surface-near
region after 1 h, Fig. 7a. Increasing the oxidation time to 10 h
causes this region to thicken to a few 100 nm. While the outermost
region of the oxide is enriched in Al, the typically observed alter-
nating Ti-rich and Al-rich layered oxide scale for (Ti,Al)N [49,50]
is absent, Fig. 7b.

After 25 h, the oxygen-enriched outermost region thickened to
~0.7 pm; using the cross-over between N and O signal as the
nitride coating/oxide scale interface and the afterwards rapid
decline in O signal as the oxide scale surface (as shown by the cor-
responding SEM cross section added to Fig. 7c). This is in good
agreement with SEM investigations, Fig. 6b and c, indicating
~450 and 550 nm thin oxide scales, respectively. EDS line-scans
additionally reveal that the metals are homogenously distributed
in the oxide scale, with a slightly enriched Al content within the
outermost region.

When plotting the squared oxide scale thickness, y?, over the
oxidation time (1, 3, 10, 25 h), Fig. 8a, a linear dependence points
to a parabolic oxide growth kinetic, with the slope representative
for the parabolic rate constant k;, according to [51,52]:

Y=k, t+A (1)
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Fig. 7. EDS line-scans of Tig43Alo.43Ta0.14N(CeSiz)o.01(LaBs)oo1 after oxidation at
900 °C for (a) 1 h, (b) 10 h, and (c) 25 h. For clarity, only in (c) the signals for Ce, Ta,
and Si are added (similar profiles for La and B as for Ce and Si, respectively). Given is
the distance from the nitride coating/sapphire substrate interface. The broad slopes
of EDS lines are due to the relatively large spot size and depth of interaction of the
EDS with not perfectly aligned interfaces.

with ¢ for time and A, for the corresponding constant. The CeSi,
alloyed but especially the CeSi; + LaBg alloyed (Ti,Al,Ta)N yield the
smallest slopes with k, = 2.074 x 10® and 0.399 x 10 pm?fs,
respectively, Fig. 8a.

These parabolic growth rates are significantly lower than the
best ones (Ti0_44A10_44Tao_12N and Ti0.43A10V42T80V]4C60_01N) from a
previous study comparing (Ti,Al)N, (Ti,Al,Ce)N, (Ti,Al,Ta)N, and
(Ti,AL,Ta,Ce)N [33]. Compared with Tig 44Alg.44Tag 12N (k, = 6.039 x
10> pm?/s), the CeSi, alloyed (Ti,Al,Ta)N offers a 3-times-lower kp
value, and the CeSi, + LaBg alloyed one an even 15-times-lower
parabolic rate constant. In fact, Fig. 8b - plotting the oxide scale
thickness linearly - shows that contrary to the other ones, the oxi-
dation kinetics of CeSi, + LaBg alloyed (Ti,Al,Ta)N follows more a
logarithmic law, with [51,52]:

y =k -log (Aig -t +B) (2)
or a cubic law:
V= ke-t+A 3)

The corresponding logarithmic rate constant kg is 0.12 pm, with
the further constants of Aig =5 1/h and B = 1, and the corresponding
cubic rate constant k. is 0.205 x 10 pm?/s with A, = 0 pm?.

On the basis of Wagner's oxidation theory [53], which considers
ion diffusion through the oxide as the rate-determining step, Tam-
mann [51] was the first to show experimentally that the growth
kinetic of an oxide scale can be described with a parabolic law. This
holds true if the oxide scale is dense, homogeneous, charge neutral,
or relatively thick to achieve chemical equilibrium at the gas/oxide
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Fig. 8. (a) Squared and (b) linear oxide scale thickness, y, as a function of the
oxidation time at 900 °C for Tig44Alo.44Tag.12N, Tig43Alp42Tag.14Ce0.01N, Tip43Alp.43-
Tap.14N(CeSiz)o02, and Tip43Alp43Tag 14N(CeSiz)o01(LaBes)oo1 coatings on sapphire
substrates. The slopes of the linear fits in (a) are used to draw the parabolic fits
(dotted lines) for (b). The latter show that the oxide growth kinetic of Tig43Alp.43-
Tap.14N(CeSiz)o.01(LaBg)o.o1 is better described with a logarithmic law (dashed line)
according to Eq (2) respectively a cubic law (dash-dotted line) according to Eq (3).
The data for (Ti,AI)N, (Ti,Al,Ta)N, and (Ti,Al,Ta)N + Ce (empty symbols) are from
[33]. The error bar is smaller than the symbol size.

and oxide/metal interfaces, because then there is constant chemi-
cal potential gradient between these interfaces (hence, Fick’s first
law [54] applies). When the oxidation product deviates from these
conditions, the kinetics also deviate from the parabolic law [55].

For thin oxide scales (thinner than the Debye length), the
growth rate usually follows a logarithmic law according to the the-
ory of Cabrera and Mott [56]. According to this, an electric field -
resulting from the tunneling of electrons from the metal to chem-
ically adsorbed oxygen species at the oxide surface - accelerates
ion transport through the film, and the rate-determining step is
the introduction of point defects into the oxide at the gas/oxide
or oxide/metal interface. This behavior is often dominating at
lower temperatures, so oxide growth at lower temperatures tends
to follow the logarithmic law (if this is the case). The decrease in
electric field with increasing film thickness results in a negligible
growth rate once a limiting thickness is reached. The Debye length
for Cr,03 or Al,O3 with their inherently low defect concentration is
a few 10 nm, so that space charges are present up to oxide scale
thicknesses of a few 100 nm [55]. The model can be extended to
thicker films if electron transport is possible via thermionic emis-
sion or via semiconducting oxides. This could contribute to the
observation that the oxidation kinetics of the Si-containing high-
entropy metal-sublattice nitride films (Al Cr,Nb,Si,Ta,Ti)N [10]
and (ALCr,Nb,Si,Ti)N [57], can be described by the logarithmic
law even at 900 °C.

Sub-parabolic oxide scale growth (e.g., such as the cubic used
here) is often associated with grain boundary mechanisms. For



P.H. Mayrhofer, S. Kagerer, P. Polcik et al.

example, the sub-parabolic oxidation kinetics of alumina scale on
Fe-Cr-Al alloys (containing reactive elements) was explained by
the fact that oxygen diffusion at oxide grain boundaries is the
rate-determining step. In combination with oxide grain size
increasing in the growth direction or with time, which causes a
decrease in grain boundary density, this leads to a sub-parabolic
scale growth (often close to cubic growth rates) [58].

4. Summary and conclusions

CeSi, and CeSi, + LaBg alloyed (Ti,Al,Ta) targets (specifically,
powder metallurgically prepared Tig44Alg44Tag 10(CeSiz)o02 and
Tig.44Alo.44Ta0 10(CeSiz)o.01(LaBe)oo1) allow for deposition rates of
corresponding nitrides with 225 and 305 nm/min, respectively.
These are in the range or even higher than the 239 nm/min for
Ti0'44A10.44Tao_12N when Sputtel‘ing a Ti0'46Alo'46TaO'08 tal‘get with
the same N,-partial pressure and power density. Both coatings
crystallize single-phased with an fcc structure having a lattice
parameter of 4.21 + 0.01 A. After vacuum annealing at 1000 °C,
the hardness of the CeSi, alloyed (Ti,Al,Ta)N is 33.0 + 1.6 GPa and
thus even slightly above the 32.6 + 1.5 GPa from its as-deposited
state. The CeSi, + LaBg alloyed (Ti,AL,Ta)N is even harder with
37.8 + 1.5 GPa (as-deposited), allowing for 34.8 + 1.1 GPa when
annealed at 1000 °C. During these annealing treatments their
indentation moduli continuously increase from ~496 to 525 GPa.
Only when annealed at higher temperatures, XRD indicates the for-
mation of w-AIN and h-Ta,N phases, but even at 1300 °C (highest
temperature tested) the decomposition towards the individual
stable constituents is not completed. However, more impressive
is the oxidation resistance, which — when using a parabolic fit for
the oxide scale thickness increase with time at 900 °C - yields
parabolic growth rates k;, of 2.074 x 10 and 0.399 x 107 pum?/s
for the CeSi, and CeSi, + LaBg alloyed (Ti,Al,Ta)N, respectively.
The latter even allows for a 15-times lower growth rate than
obtained for Tig44Alo44Ta0.12N (kp = 6.039 x 10" pm?/s). In fact,
while the oxide scale growth on (Ti,Al,Ta)N, Ce alloyed (Ti,Al,Ta)
N, and CeSi, alloyed (Ti,Al,Ta)N nicely follow a parabolic rate, that
on CeSi, + LaBg alloyed (Ti,Al,Ta)N can better be described with a
logarithmic or cubic rate.

Based on our results we can conclude, that the small additions
of CeSi, (2 mol%) and especially the combined addition of CeSi, +-
LaBg (1 mol% each) to (Ti,Al,Ta)N is extremely beneficial for the
growth morphology, mechanical strength, thermal stability, but
especially the oxidation resistance.
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