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Abstract

CrTaBN hard coatings deposited by cathodic arc evaporation are a promising new material
class for use in demanding applications, due to their high hardness and good thermal stability in
protective atmosphere. Up to now however, studies on the detailed oxidation mechanism of
quaternary CrTaBN coatings are lacking in literature. Thus, within this work, the oxidation
behavior of a CroseTao20Bo11N coating grown by cathodic arc evaporation was studied in a
combinatorial approach of advanced characterization techniques. In-situ high-energy X-ray

diffraction at a synchrotron radiation facility showed that up to ~1100 °C, only the face-centered
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cubic (fcc) CrxTayBi-x-yN solid solution of powdered CrTaBN contributes to the crystalline phase
composition. As the temperature is further increased, tetragonal CrTaO4 and rhombohedral Cr203
form. In-situ high-temperature Raman spectroscopy evidenced that B2Os contributes to the phase
composition of the material in the temperature regime from ~600 to 1000 °C. Applying
high-resolution transmission electron microscopy allowed to identify the presence of four discrete
zones in a partly oxidized CrTaBN coating on sapphire: intact fcc-CrTaBN at the interface to the
substrate, followed by a Cr-deficient and Cr-enriched layer, respectively, and a porous layer with

small grains at the surface.

Introduction

Ternary CrN based hard coatings are established materials for use in severe applications,
such as glass molding or metal cutting. CrAIN is the industrially most important representative of
CrN based ternary metal nitrides, which can be attributed to its high hardness and good oxidation
resistance.’ Thus, literature on CrAIN hard coatings grown by means of both, magnetron sputter
deposition and cathodic arc evaporation (CAE), is vast.>" In contrast, CrTaN coatings have only
recently gained interest for use in demanding applications.®1° As was shown in previous studies
by the authors, CrTaN coatings offer a combination of high hardness, beneficial fracture toughness
and good tribological properties.t*!2 In contrast to metastable CrAIN,* CrN and TaN exhibit a
negative mixing enthalpy regardless of the Cr/(Cr+Ta) ratio in the resulting face-centered cubic
(fcc) CrxTaixN solid solution.** This fact is in line with the high thermal stability of CrTaN
coatings up to temperatures of ~1250 °C.1%% In addition, CrTaN coatings exhibiting a high
Cr/(Cr+Ta) ratio have been shown to offer an outstanding oxidation resistance, where the formation

of the oxides only sets in at temperatures of ~1050 °C.16:17
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The addition of B to ternary transition metal nitrides is an effective strategy to improve their
mechanical and thermo-physical properties and thus, to widen their application portfolio.®?! Ma
et al. reported that the hardness is increased by more than 70 % in CrBN as compared to CrN
coatings.*® Hu et al. have shown that the presence of already 3-6 at.% of B improves the hardness
and thermal stability of CrAIN coatings.?? The feasibility to add B to CrTaN has been confirmed
in an earlier work by the authors. There, it was shown that quaternary CrTaBN outperforms CrTaN
in regard of hardness and fracture toughness, which can be attributed to the grain refining effect of
B. The obtained hardness of ~32 GPa furthermore not only exceeds the values reported for arc
evaporated CrTaN coatings (~26 GPa),'! but also those of arc evaporated CrBN (25.9 GPa).?® In
addition, CrTaBN was found to exhibit a high thermal stability in protective atmosphere up to
temperatures of 1200 °C.2* However, the oxidation mechanism of quaternary CrTaBN is widely
unexplored, although B is reported to increase the oxidation resistance of several transition metal
nitride coatings.?22>2

Thus, within this work, the oxidation behavior of an arc evaporated CrosoTao.20Bo.11N
coating is illuminated in a combinatorial approach of advanced characterization techniques. Prior
to the oxidation study, the microstructure of the as-deposited coating was investigated by lab-scale
X-ray diffraction (XRD) and scanning electron microscopy (SEM). In-situ high-energy XRD
experiments at a synchrotron radiation facility as well as in-situ high-temperature Raman
spectroscopy allowed to study the oxidation mechanism of powdered CrosoTao.20Bo.11N.
Differential thermal analysis (DTA) and thermo-gravimetric analysis (TGA) coupled with mass
spectrometry (MS) supplemented the crystallographic and spectroscopic investigations. In
addition, lab-scale high-temperature XRD was applied to illuminate the oxidation progress of the

compact coating on sapphire. Finally, a partly oxidized coating was investigated by SEM, energy
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dispersive X-ray spectroscopy (EDX) and transmission electron microscopy (TEM) to study the

microstructure of the oxide scale.

Materials and methods

The investigated CrTaBN coating was deposited in an industrial scale Oerlikon Balzers
INNOVA deposition system. Four powder metallurgically produced compound targets were used
to deposit the coating. The target composition amounted to 70 at.% Cr, 20 at.% Ta and 10 at.% B.
The deposition runs were conducted in pure N2 atmosphere at a substrate temperature of 450 °C
and a bias voltage of -60 V. This bias voltage was selected based on earlier studies on arc
evaporated CrTaBN?* and CrTaN coatings.® A N2 pressure and arc current of 3.6x102 mbar and
130 A, respectively, were applied during deposition. Prior to the actual deposition, an ion etching
step in pure Ar atmosphere was applied. The coatings were grown on mild steel foil and 0001
oriented sapphire substrates, which were subjected to two- and three-fold rotation, respectively. In
order to obtain coating powders, the mild steel foil was dissolved after deposition using sulfuric
acid.

The chemical composition of the coating on cemented carbide was quantified by glow
discharge optical emission spectroscopy (GDOES) using a GD-Profiler 2 by Horiba, operating in
pulsed RF mode.?’ Cross-sectional micrographs of the coating were realized by focused ion beam
milling using a dual beam workstation from Zeiss. An initial assessment of the microstructure was
realized by lab-scale XRD utilizing a Bruker AXS D8 Advance diffractometer, operating in
Bragg-Brentano geometry and with CuKq radiation. The residual stress of the coating on sapphire
was determined on the same diffractometer applying the sin?y method in side-inclination with
parallel beam optics.?® Using the 220 reflection, twelve equally spaced inclinations from

0-0.6 sin?y were considered in the residual stress evaluation. Applying a rule of mixture between
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fcc-CrN and fcc-TaN and elastic constants from ref.?® and *° were used to calculate stress from
measured strain.

High energy XRD experiments were carried out at the high energy materials science
beamline PO7 of the Helmholtz-Zentrum Hereon at the PETRA 11l storage ring in Hamburg,
Germany.®! The powdered coating was placed in a Pt crucible and was heated to 1400 °C at a rate
of 20 °C/min. The X-ray beam featured an energy of 103.2 keV, which corresponds to a wavelength
of 0.11965 A. 2D X-ray diffractograms were recorded every ~2 °C with an XRD 1621 flat—panel
detector by Perkin Elmer. In order to obtain one-dimensional diffractograms, the two-dimensional
Debye Scherrer rings recorded at the synchrotron radiation facility were azimuthally integrated
over the whole angular range. For further details on the measurement procedure, azimuthal
integration and subsequent quantitative Rietveld refinement, the reader is referred to ref.’® Using a
Tescan type Clara microscope equipped with a detector by Oxford instruments allowed to assess
the chemical composition of the powder after the heat treatment in air by means of a combination
of energy (EDX) and wavelength dispersive X-ray spectroscopy (WDX). Raman spectroscopy
investigations were realized using a WITec alpha300R confocal Raman microscope. The power of
the laser, which exhibited a wavelength of 532 nm, was defined at 10 mW. In-situ high-temperature
experiments were realized with a heating chamber type TS1500V provided by Linkam. A
maximum temperature and heating rate of 1400 °C and 20 °C/min, respectively, were chosen for
the measurement. Complementary, DTA-TGA was performed on a Setaram SetsysEvolution 2400,
using 72.5 mg of the sample material in a 100 pl Al20s crucible and an empty crucible of the same
type as the reference. For evolved gas analysis, this device is coupled with a quadrupole mass
spectrometer type OmniStar GSD-301 O2 (Pfeiffer) through a heated (150 °C) steel capillary
transfer line. A heating rate of 5 °C/min and a maximum temperature of 1400 °C were chosen for

the experiment, with a carrier gas (air) flow rate of 20 ml/min. For the quantitative evaluation of
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the TGA data, a blank experiment subtraction was performed. MS data was sampled at 1 sec per
mass to charge (m/z) value using a channel electron multiplier.

In-situ high-temperature XRD experiments were realized on the aforementioned lab-scale
diffractometer, equipped with a heating chamber type HTK 1200 N by Anton Paar. Applying a
heating rate of ~2.5 °C/min, a CrTaBN coating on sapphire substrate was heated to 1200 °C in
open air and diffractograms were recorded every 25 °C. An additional coating on sapphire substrate
was heated to 1000 °C at the same heating rate and was held for 15 minutes within the
diffractometer in order to enable the investigation of a partly oxidized coating. The cross-sectional
microstructure of the ion milled partly oxidized coating was studied on a Gemini 450 scanning
electron microscope from Zeiss. In order to gain a solid understanding of the microstructure and
elemental composition of the partly oxidized CrTaBN coating at nanoscale, also high-resolution
scanning TEM (STEM) investigations were performed. The electron transparent lamella was
prepared by focused ion beam milling using a FEI Nova200 dualbeam workstation. A FEI Titan3
G2 60-300, operated at an acceleration voltage of 300 kV, was used to record STEM micrographs.
Here, the images were obtained utilizing a high angle annular dark-field (HAADF) detector. EDX
and electron energy-loss spectroscopy (EELS) investigations were carried out on a monochromatic
FEI Tecnai F20 microscope. The device is fitted with a Schottky field emission gun and was
operated at an acceleration voltage of 200 kV. The EDX spectra were acquired with an EDAX
Si(Li) detector with an ultrathin window. For EELS, the microscope is equipped with a
high-resolution Gatan imaging filter. EDX as well as EELS measurements were acquired using the

STEM mode of the microscope.
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Results and discussion

A. Coating in as-deposited state

The coating composition as determined by GDOES amounted to 34.8 at.% Cr,
10.8 at.% Ta, 5.5 at.% B and 48.9 at.% N. Therefore, the resulting Cr/Ta/B ratio of 0.69/0.20/0.11
in the coating is similar to the one of the target (0.70/0.20/0.10) and the Cr/(Cr+Ta) ratio
corresponds to 0.76. The cross-sectional microstructure of the coating on sapphire was studied by
SEM and is shown in Fig. 1a. The morphology of the coating appears fine-grained, where the grains
are too small to be resolved by means of SEM. Furthermore, nano-layers of varying composition
are visible in the cross-sectional micrograph, which arise from the three-fold rotation the substrates
were subjected to during the deposition.®? The X-ray diffractogram of the powdered coating along
with the one of CrTaBN on sapphire are shown in Fig. 1b. While the diffractogram of the powder
was recorded at the synchrotron facility, the measurement of the coating on sapphire was realized
by lab-scale XRD. Since the wavelength of the synchrotron radiation (~0.12 A) varied from the
one of the lab-scale XRD (1.54 A), the d-spacing is given instead of the 28 angle in Fig. 1b for
better comparability. All reflections are located between the standard peak positions of fcc-CrN
and fcc-TaN.®3% Consequently, B is either incorporated into the fcc-CrTaN lattice or exists as
amorphous constituent in the material. Also, the combination of the B incorporation into the fcc
lattice and the presence of amorphous constituents is possible. Thus, the crystalline structure is in

the following referred to as fcc-CrxTayBi-x-yN.
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B. Oxidation resistance of coating powder

The temperature dependent phase evolution during oxidation of powdered CrTaBN is
displayed in Fig. 2a in the form of a phase plot from 100 °C to 1400 °C. The phase plot can be
divided into three temperature dependent zones, which are confined by the emergence or vanishing
of crystalline phases. Up to ~1100°C (zone 1), only reflections stemming from the
fcc-CrxTayBixyN solid solution are evident. The apparent shift to higher d-spacings with
increasing temperature can be attributed to the thermal expansion of the material. At ~1100 °C
(zone 2) additional reflections emerge, which can be ascribed to tetragonal (t) CrTaOs,* followed
by the formation of rhombohedral (r) Cr20z at ~1125 °C.%¢ Both, t-CrTaOs and r-Cr20z are reported
to form during the oxidation of ternary CrTaN coatings.”*" As the temperature exceeds ~1250 °C,
no reflections stemming from the fcc-CrxTayBa-x-yN solid solution contribute to the phase plot
anymore, indicating complete oxidation of the material (zone 3). According to the synchrotron
investigation, crystalline BN, B-oxides or borides do not form during heating the CrTaBN powder
in air up to 1400 °C. In order to gain a quantitative assessment on the temperature-dependent phase
composition, a sequential Rietveld refinement was employed. At temperatures below 1050 °C the
diffraction pattern did not show any distinct oxide peaks. The emergence of t-CrTaOasaccording to
the refinement at 1075 °C corresponds well with the visual impression from the phase plot. This
applies also to the slightly delayed formation of r-Cr20s. The refinement indicates that the ratio
between t-CrTaO4 (~70 wt.%) and r-Cr203 (~30 wt.%) stays largely invariant after all of the nitride
has transformed into the oxides.

Since B-containing oxides are frequently hardly detectable by means of crystallographic
techniques, in-situ high-temperature Raman spectroscopy was applied to further elucidate the
oxidation mechanism of CrTaBN. Fig. 3 shows the Raman spectra recorded at four exemplary

measurement temperatures. The as-deposited coating exhibits rather broad signals, where the bands
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in the wavenumber regime of 100-200 and 400-800 cm™* can be attributed to the acoustical (A) and
optical (O) modes, respectively, of the CrxTayBi-xyN solid solution.*®*° No cubic or hexagonal BN
was detected regardless of the measurement temperature. As the temperature reaches ~600 °C, a
broad peak with a maximum at 800 cm™ emerges, which can be attributed to B203.*° The B203
peak increases in intensity up to ~800 °C, but vanishes as the temperature exceeds 1000 °C. This
observation suggests that B2O3 forms volatile species upon increasing the temperature to >1000 °C.
Both, the emergence of B20s3 in the course of the oxidation of B-containing coatings as well as the
formation of volatile species from this compound is in agreement with existing literature.234041
EDX/WDX measurements furthermore confirmed the absence of B in the powdered coating
subjected to 1400 °C in air. Three well-defined peaks contribute to the Raman spectrum recorded
at 1200 °C. Here, the peaks at ~300 and 520 cm™ correspond to Cr203.%? Taking into account the
phase composition of the coating at 1200 °C as determined by high-energy XRD (Fig. 2), it is
suggested that the additional peak at ~950 cm™ stems from CrTaOas. In order to verify this
hypothesis, a Raman spectrum of an oxidized Cro4sTaos4N coating, exhibiting only the CrTaOx
phase as oxidation product, was recorded.!” Indeed, the spectrum showed a pronounced peak at
~950 cm, confirming the presence of the CrTaOs phase also in the here conducted Raman
experiment. Summarizing, the investigated CrTaBN powder exhibits a comparable oxidation
behavior as a powdered CrTaN coating with an equivalent Cr/(Cr+Ta) ratio grown at similar
deposition conditions. This fact applies both, in regard of the formed crystalline oxides and
formation onset temperature of t-CrTaOs and r-Cr203.1® However, X-ray amorphous B203
contributes to the phase composition in the temperature regime from ~600 to 1000 °C. Since B20s
is reported to heal macro-defects and pores, its formation in the course of the oxidation of CrTaBN

is suggested to be beneficial for the coating performance in service.*® Taking into account also the



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

improved mechanical properties of CrTaBN as compared to CrTaN speaks for the preferred use of
the quaternary coating system in demanding applications.162*

DTA/TGA-MS experiments complemented the crystallographic and spectroscopic
investigation of the CrTaBN oxidation. The relative mass change, DTA signal and ion current of
the NO with a (m/z) of 30 are shown in Fig. 4a, b and c, respectively, as a function of the
temperature. While there is a deviation from the baseline of the DTA-signal between ~300 to
900 °C, no major peak is evident in the TGA curve in this temperature regime. It is assumed that
due to the low fraction of B in the material, the formation of B20s during oxidation does not
provoke major events in the mass change curve. Furthermore, a superimposition of the mass gain
resulting from the formation of solid oxides and mass loss stemming from the evaporation of
volatile species resulting in no visible net change of the sample mass is plausible. A pronounced
exothermic peak is evident between ~1000 and 1200 °C, which is ascribed to the oxidation of the
fcc-CrxTayBixyN solid solution to t-CrTaOs and r-Cr20s. This temperature range is in good
accordance with the in-situ oxidation study (Fig. 2) conducted at the synchrotron radiation facility.
The highest mass change during the measurement was observed at a temperature of 1200 °C and
amounts to 13.0 %, which is temperature-wise again in line with the synchrotron study. As the
temperature is further increased, the mass decreases to 12.2 % of the initial mass at 1400 °C. This
behavior indicates the formation of volatile oxides, which are commonly observed in the course of
the oxidation of B-containing compounds.*#445 This suggestion is supported by the fact that
ternary CrTaN with a comparable Cr/(Cr+Ta) ratio does not undergo a mass loss during
oxidation.'® In order to identify volatile species forming during the oxidation of CrTaBN, mass
spectra were recorded in the course of the experiment. In Fig. 4, the ion current of m/z 30 is shown,
which is suggested to correspond to NO. The maximum of this spectrum is observed at a

temperature of ~1180 °C, which is in good agreement with the peak temperature of the DTA
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measurement. Furthermore, also NO2 (m/z 46) was detected in this temperature regime. The
N-containing oxides form in the course of the CrTaBN oxidation as a result of the evaporation of
N2. In contrast to NO and NO2, no B-containing volatile species could be detected. It is proposed
that this can be attributed to the used measurement set-up: during the transport of the gaseous
species from the crucible to the mass spectrometer, they have to pass a cooler regime (the furnace
bottom flange and transfer line are heated to 150 °C). Species that do not exist in a gaseous state at

this temperature condensate or resublimate within this transfer zone and thus are not detectable.

C. Oxidation resistance of coating on sapphire

In order to investigate the oxidation resistance of an intact coating, CrTaBN on sapphire
was subjected to a heat treatment in air, where the X-ray diffractograms were simultaneously
recorded. Since the used high temperature stage can only be operated up to 1200 °C, the
measurement was performed in a temperature range from RT to 1200 °C. The resulting phase plot
is shown in Fig. 5a. As for the powdered coating, t-CrTaO4 and r-Cr203 form during the oxidation
of CrTaBN on sapphire. Here, the oxidation onset temperature of ~900 °C is by ~200 °C lower in
comparison to the one of the powdered coating as determined in the synchrotron experiment. The
lower oxidation onset temperature of the intact coating can be attributed to the significantly lower
heating rate used for the lab-scale XRD investigation (~2.5 °C/min) as compared to the synchrotron
study (20 °C/min).

To better understand local elemental and structural changes occurring during oxidation, a
partially oxidized CrTaBN coating on sapphire was studied in detail across the coating thickness.
Fig. 5b shows a cross-sectional micrograph of the partially oxidized CrTaBN coating, where
several different layers can be identified: the bottom ~1.5 um thick zone exhibits a comparable

microstructure as the one of the coating in the as-deposited state (Fig. 1a). Thus, this zone consists
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of fcc-CrxTayBixyN. At the coating surface, a ~0.8 um thick zone is evident, with alternating
porous and dense layers. This region can be attributed to the oxide scale and exhibits a comparable
morphology as the one observed in a ternary partly oxidized CrTaN coating.*®

A lamella of the partly oxidized CrTaBN sample was investigated by STEM in order to
further assess the microstructure and phase composition within the respective zones. The HAADF
micrograph in Fig. 6a gives an overview of the microstructure in the respective zone. Within the
substrate near zone, the EDX elemental maps indicate a homogenous distribution of Cr, Ta and N.
Furthermore, no O was detected in this zone, neither within the grains nor at the grain boundaries.
As already assumed from the cross-sectional SEM micrograph in Fig. 5b, the oxide scale consists
of different zones with varying porosity and elemental composition. The porous layer directly on
top of the non-oxidized zone is, in comparison to the intact CrTaBN layer, rich in Ta and deficient
in Cr. A drastically decreased amount of N can be detected within this zone, which has been
replaced by O. The subsequent layer, which is rich in Cr, exhibits a significantly denser
microstructure as compared to the other layers within the oxide scale. Finally, the outermost Ta-rich
layer displays again a high degree of porosity. Several publications show that a layered oxide scale
forms upon oxidizing ternary or quaternary CrN-based coatings. In an earlier work, the authors
observed that only Cr203 can be detected at the surface of a partly oxidized CrTaN coating, whereas
both, CrTaO4 and Cr203 contribute to the phase composition in an intermediate zone.® Similarly,
Hu et al. observed that in case of CrAIN and CrAIBN coatings, an outermost Cr-rich oxide layer
forms, followed by an Al-rich oxide layer at the interface to the non-oxidized nitride.?

EELS (Fig. 6b) allowed to draw further conclusions on the chemical composition within
the coating in non-oxidized and oxidized state. In the latter case, the spectrum was recorded within
the outermost porous Ta-rich layer. Both, the shape and position of the Cr L23 edge within the

non-oxidized zone are in good agreement with a spectrum recorded on a CrN coating by Kormout
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et al.*®. The Cr L23 edge from the outermost Ta-rich oxide layer exhibits a higher accordance with
the spectrum reported for CrTaO4* than for Cr203.%¢ While there are some minor indications for
O according to EELS in the non-oxidized zone, a pronounced signal is evident for this element in
the oxidized zone. Again, a better agreement with the O K edge of CrTaO4*’ than with the one of
Cr20s is evident.*® Distinct signals from the N K edge contribute to the spectrum recorded within
the non-oxidized zone, which is not the case for the oxidized zone. The insert in Fig. 6b shows the
electron energy loss near edge fine structure of the B K edge. Owing to the low content of B within
the coating, detailed statements on the chemical bonding are not possible. It can, however, be seen
that the signal recorded within the non-oxidized layer is more pronounced as compared to the
oxidized layer. This observation indicates a lower B content within the oxide scale as compared to
the intact CrTaBN layer. In addition to the minor mass loss between 1200 and 1400 °C (Fig. 4) and
the disappearance of the B203 signal in the Raman measurement after 1000 °C (Fig. 3) this further
corroborates the formation of volatile B-containing species during the oxidation of CrTaBN.

The ADF micrograph in Fig. 7a shows the intact CrTaBN layer and the oxide scale. Based
on the elemental composition, as determined from the EDX elemental maps in Fig. 6a and the grain
size, four different zones can be differentiated. In order to clarify the phase composition in the
respective zones, high-resolution STEM micrographs were recorded and subsequently investigated
by means of Fast-Fourier-Transformation (FFT). The results of this investigation are summarized
in Fig. 7b. Within the intact CrTaBN zone, only d-spacings corresponding to the fcc-CrxTayBi-x-yN
solid solution could be detected, as for instance 2.4 A. Within zone 2, grains with d-spacings of
3.6 A and 3.3 A were identified, which can be attributed to the 012 plane of r-Cr.0sz and the 110
plane of t-CrTaOa, respectively. Thus, both r-Cr20s and t-CrTaOas contribute to the phase
composition of this zone. In contrast, no indications for the t-CrTaO4 phase were observed in the

dense Cr-rich zone 3. Therefore, this zone seems to consist entirely of r-Cr20s. Within the
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outermost zone 4, again lattice spacings of both, r-Cr.O3 and t-CrTaO4 were detected. The phase
composition within the respective zone seems to not only influence the elemental composition
(compare Fig. 6a), but also the local grain size. The grain size is small in case of the intact CrTaBN
(zone 1), which can be attributed to the grain refining effect of B. It furthermore appears that the
presence of t-CrTaOas (zone 2 and 4) results in a larger grain size as compared to zone 3, where
only r-Cr203 was detected. Zone 3 furthermore appears significantly denser as compared to zone 2
and 4. This observation is in agreement to earlier oxidation studies on CrN based coatings, where

the formed Cr203 oxide scale is reported to exhibit a dense structure.?24°

Conclusions

Within this work, the oxidation resistance of a quaternary Cro.s9Tao.20Bo.11N coating grown
by cathodic arc evaporation was investigated, employing a variety of advanced characterization
methods. In-situ high-energy X-ray diffraction at a synchrotron radiation facility confirmed a high
oxidation resistance of the powdered coating: the crystalline fcc-CrxTayB1-x-yN solid solution starts
to oxidize to t-CrTaOas and r-Cr203 only as the temperature exceeds ~1100 °C when heated at
20 °C/min. In-situ high-temperature Raman spectroscopy evidenced that B20s furthermore
contributes to the phase composition between ~600 and 1000 °C. A cross-sectional investigation
of CrTaBN on sapphire heated to 1000 °C at 2.5 °C/min allowed insight into the structure of a
partly oxidized coating. Here, three different layers were identified within the oxide scale: a porous
Cr- and Ta-containing layer at the interface to the non-oxidized CrTaBN, a dense Cr-rich
intermediate layer and again a Ta-rich porous layer at the surface. The findings from the present
study confirm the outstanding oxidation resistance of CrTaBN and provide a solid understanding

of the oxidation sequence of this coating system.
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Figure captions

Fig. 1: a) Cross-sectional micrograph of as-deposited CrTaBN on sapphire. b) X-ray
diffractogram of powdered CrTaBN and the CrTaBN coating on sapphire.

Fig. 2: a) XRD phase plot showing the oxidation of the CrTaBN powder. The peak positions of
fcc-CrxTayBixyN (grey triangle), t-CrTaO4 (red rectangle) and r-Cr20s (blue circle) at room
temperature (RT) are given as well. b) A sequential Rietveld refinement allowed to quantify the
phase composition at every measurement temperature.

Fig. 3: Raman spectra of powdered CrTaBN recorded at RT, 600, 850 and 1200 °C. The Raman
shift of acoustical (A) and optical (O) modes of CrTaN as well as the shifts as reported in literature
for Cr203, B203 and CrTaOs are depicted. 3840 42

Fig. 4: a) Mass change, b) heat flow and c) mass spectrum with m/z 30 recorded during heating
CrTaBN powder in ambient atmosphere.

Fig. 5: a) Oxidation sequence of CrTaBN on sapphire as determined by lab-scale in-situ
high-temperature XRD. b) Cross-sectional micrograph of a partly oxidized CrTaBN coating on
sapphire. The sample has been heated at 2.5 °C/min to 1000 °C with a holding time of 15 minutes
at the maximum temperature.

Fig. 6: a) HAADF micrograph and corresponding Cr, Ta, N and O EDX elemental maps recorded
on the partly oxidized coating during the STEM analysis. A heating rate and maximum temperature
of 2.5 °C/min and 1000 °C, respectively, have been applied to the coating. The black cross and red

triangle mark the positions, where the spectra shown in b) have been recorded. b) EELS spectra

19



of the N K, O K and Cr L2,;3 edge recorded within the non-oxidized and oxidized zone. Within the
insert, the B K edge is shown.

Fig. 7: a) ADF micrograph of the partly oxidized CrTaBN coating on sapphire, depicting the 4
different zones. The coating has been subjected to a maximum temperature of 1000 °C applying a
heating rate of 2.5 °C/min. b) High-resolution HAADF micrograph recorded within the respective

zones. The colored boxes mark the area from where the FFT images have been obtained.
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