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a b s t r a c t 

Owing to their combination of high hardness and increased fracture toughness, CrTaN coatings have re- 

cently gained increasing interest as suitable candidates for metal cutting applications. However, up to 

now, the detailed mechanisms underlying the oxidation of this promising coating system are not thor- 

oughly understood. Thus within this work, the evolution of microstructure and phase composition of a 

cathodic arc evaporated Cr 0.74 Ta 0.26 N coating were illuminated in ambient atmosphere up to 1400 °C. 

In situ high-energy X-ray diffraction showed that powdered face-centered cubic (fcc) CrTaN displays an 

excellent oxidation resistance up to ∼1050 °C, where the formation of tetragonal (t) CrTaO 4 and rhom- 

bohedral (r) Cr 2 O 3 sets in. The compact CrTaN deposited on sapphire subjected to 1225 °C in ambient 

atmosphere exhibits intact fcc-CrTaN regions near the substrate, a porous intermediate layer of r-Cr 2 O 3 

and t-CrTaO 4 and a dense r-Cr 2 O 3 oxide scale at the surface. 

© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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The ever-increasing demand in the metal cutting industry for 

igher productivity and longer tool lifetime asks for sophisticated 

rotective hard coatings. Whereas the positive effect on hardness 

nd thermal stability upon Al or Si addition to CrN is extensively 

eviewed in literature, ternary CrTaN coatings have only recently 

ained interest [1–5] . While CrN exhibits the face-centered cu- 

ic (fcc) structure, TaN occurs in various modifications. Here, the 

exagonal (h) π-TaN and the h- θ-TaN are energetically favored 

ver metastable fcc-TaN [ 6 , 7 ]. CrTaN coatings grown by physical 

apor deposition (PVD) are, however, reported to crystallize in 

n fcc-Cr x Ta 1-x N solid solution, which is attributed to the non- 

quilibrium conditions of the process. Both, magnetron sputtering 

s well as cathodic arc evaporation (CAE) can be used to synthesize 

rTaN coatings with a hardness of up to 27 GPa [ 8 , 9 ]. In addition

o good tribological properties [9] , CrTaN coatings have further- 

ore shown to exhibit a promising fracture toughness and ben- 

ficial performance during thermal cycling [ 10 , 11 ]. 

Since hard coatings are subjected to high thermal load with si- 

ultaneous oxidative attack during application, their oxidation re- 
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istance is of major importance. Chen et al. have investigated the 

ffect of an annealing treatment in air on sputter-deposited Cr- 

aN coatings. The authors observed a thin oxide scale containing 

hombohedral (r) Cr 2 O 3 and orthorhombic (o) Ta 2 O 5 when oxidiz- 

ng the coatings at 500 °C for 4 h. Increasing the temperature to 

00 °C for the same duration resulted in a significantly more pro- 

ounced oxidation [8] . As a result, the mechanical properties of the 

oatings deteriorated. In addition to r-Cr 2 O 3 and o-Ta 2 O 5 , the for- 

ation of tetragonal (t) CrTaO 4 as an oxidation product of CrTaN 

ased coatings is reported [12] . However, up to now, the detailed 

xidation sequence of CrTaN as a function of the temperature has 

ot been investigated. Thus, the present work aims to elucidate the 

xidation mechanism of CAE CrTaN coatings employing a combi- 

atorial approach of synchrotron X-ray diffraction (XRD), differen- 

ial scanning calorimetry (DSC), thermo-gravimetric analysis (TGA), 

canning and transmission electron microscopy as well as energy- 

ispersive X-ray spectroscopy (EDX). 

The investigated CrTaN coating was deposited in an industrial 

cale Oerlikon Balzers INNOVA arc evaporation system at a bias 

oltage of −60 V. Three powder metallurgically produced com- 

ound targets with a composition of 75 at% Cr and 25 at% Ta 

ere used to grow the coating. For further information on the tar- 

et arrangement and deposition conditions, the reader is referred 
c. This is an open access article under the CC BY license 
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o ref. [10] . The used substrates, being mild steel foil and single 

rystalline sapphire with (001) orientation, were subjected to two- 

nd three-fold rotation within the carousel, respectively. To obtain 

he coating powder, the mild steel foil was dissolved after depo- 

ition using nitric acid. The elemental composition of the coating 

as quantified by glow discharge optical emission spectroscopy 

GDOES) using a GD-Profiler 2 by Horiba. A first assessment of 

he microstructure was realized by lab-scale XRD. A Bruker AXS 

8 Advance diffractometer with CuK α radiation, operated in Bragg- 

rentano geometry, was used for this purpose. The residual stress 

f the coating on sapphire was determined applying the sin 

2 ψ 

ethod in side-inclination on the 111 peak with sin 

2 ψ values be- 

ween 0 and 0.55. The respective X-ray elastic constants were cal- 

ulated using the Hill grain interaction model, with calculated elas- 

ic constants from fcc-CrN [13] and fcc-TaN [14] . A cross-sectional 

icrograph of the as-deposited coating was obtained using a scan- 

ing electron (SE) microscope of type Auriga from Zeiss. 

High energy XRD experiments were carried out at the high en- 

rgy materials science beamline P07 operated by the Helmholtz- 

entrum Hereon at the PETRA III storage ring at DESY in Hamburg 

15] . Powdered CrTaN was placed in a Pt crucible, which was in- 

uctively heated in ambient atmosphere between 100 and 1400 °C 

t a heating rate of 20 °C/min. The wavelength of the X-ray beam 

as 0.11965 Å and Debye-Scherrer rings were collected in trans- 

ission geometry on a digital Perkin Elmer XRD 1621 2D X-ray 

etector every ∼5 °C. Azimuthal integration of the Debye-Scherrer 

ings in order to obtain one-dimensional diffractograms was con- 

ucted with the software DAWN2 [16] . Subsequently, quantitative 

hase analysis by sequential Rietveld refinement for each diffrac- 

ogram was realized using the software TOPAS 6 by Bruker [ 17 , 18 ].

he crystallographic information files (cif) used for the refinement 

f the individual phases were taken from the Crystallography Open 

atabase [19] . DSC experiments on CrTaN powders were performed 

n Al 2 O 3 crucibles on a Setaram Setsys EVO 2400 calorimeter in 

ynthetic air. The same heating rate and maximum temperature as 

sed in the synchrotron radiation experiment were applied. 

The phase evolution of the compact coating on sapphire during 

xidation was investigated by in-situ high temperature XRD. The 

bove-mentioned diffractometer, equipped with a heating chamber 

ype HTK 1200 N by Anton Paar, was used to realize the experi- 

ents. The diffractograms were recorded between RT and 1200 °C 

n steps of 25 °C at a heating rate of ∼2.5 °C/min. In addition, a

irgin CrTaN coating deposited on sapphire was oxidized in the 

forementioned calorimeter up to 1225 °C with a heating rate of 

0 °C/min. The maximum temperature was held for 15 min. Using 

n SE microscope type Gemini 450 from Zeiss, the cross-sectional 

icrostructure of the partly oxidized coating was studied. The mi- 

roscope is equipped with an Ultim Extreme detector by Oxford 

nstruments for EDX mapping. A lamella for transmission electron 

icroscopy (TEM) investigations was prepared applying the lift-out 

echnique on a dual-beam workstation by FEI. High-resolution TEM 

HRTEM) was performed using a microscope type JEOL 2200FS, 

hich was operated at an acceleration voltage of 200 kV. The mi- 

roscope is equipped with a field emission gun and a TVIPS Tem- 

am of type XF416 for high-resolution imaging. Further image pro- 

essing and data analysis were performed using the free software 

ackage GMS 3.4.3 from Gatan. 

The elemental composition of the coating was determined to 

7 at% Cr, 13 at% Ta and 50 at% N by GDOES. Thus, the Cr/(Cr + Ta)

atio in the coating (0.74) is within the accuracy of the chosen 

uantification method comparable to that in the target (0.75). A 

ross-sectional micrograph of the CrTaN coating on sapphire is 

hown in Fig. 1 a. The grains appear elongated and do not extend 

hroughout the whole coating thickness. As typical for competi- 

ive growth, the grain size increases with increasing coating thick- 

ess [20] . Furthermore, the presence of a layered structure is evi- 
2 
ent, which can be attributed to the three-fold rotation during de- 

osition [21] . Fig. 1 b shows the X-ray diffractograms of CrTaN on 

apphire and the powdered coating recorded at the lab-scale XRD 

nd storage ring, respectively. Since the lab-scale and synchrotron 

easurements were conducted at different photon energies, the d- 

pacing rather than the 2 θ angle is given within this work to pro- 

ide better comparability. In both cases, all reflections are located 

etween the standard peak positions of fcc-CrN [22] and fcc-TaN 

23] , confirming the presence of an fcc-Cr x Ta 1-x N solid solution. 

he diffraction peaks are shifted to larger d-spacings in case of the 

oating on sapphire in comparison to the powder. This observation 

an be attributed to the compressive stress of the coating on sap- 

hire, which amounts to −3.3 ± 0.3 GPa. While the 200 reflection 

s most pronounced in case of the powdered coating, the 311 re- 

ection is dominant in the CrTaN coating on sapphire, indicating a 

referred < 311 > orientation. 

The 2D Debye Scherrer rings recorded during the synchrotron 

adiation experiment were transformed into 1D diffractograms 

y azimuthal integration. Fig. 2 a shows the resulting phase plot 

f the CrTaN powder between 100 and 1400 °C. Three differ- 

nt temperature-dependent zones can be differentiated, which 

re marked by the formation or disappearance of crystallographic 

hases. Up to ∼1050 °C (zone 1), no additional crystalline phases 

o fcc-Cr x Ta 1-x N can be observed. Thus, the oxidation resistance 

f CrTaN is significantly higher than the one reported for fcc-CrN 

 ∼700 °C) and fcc-TaN ( ∼700 °C) [24–26] . It is evident that the

iffraction peaks shift to higher d-spacings as the temperature in- 

reases, which can be attributed to the thermal expansion of the 

attice. At ∼1050 °C (zone 2) a second phase emerges, which is as- 

ribed to t-CrTaO 4 [27] . This is reported to form at temperatures 

 950 °C and was found as an oxidation product of compact Cr- 

aN coatings [ 12 , 28 ]. Slightly delayed at ∼1100 °C, the formation

f r-Cr 2 O 3 [29] starts, which is frequently observed as an oxida- 

ion product of CrN based coatings [ 12 , 24 , 30 ]. At ∼1275 °C, the ni-

ride has completely transformed into t-CrTaO 4 and r-Cr 2 O 3 (zone 

). Upon further increasing the temperature, the phase plot does 

ot indicate any additional reactions. To study the oxidation onset 

ore precisely and to quantify the phase fraction of the nitride and 

xides, sequential Rietveld refinement was applied ( Fig. 2 b). Prior 

o 1050 °C, including the oxides in the refinement does not result 

n a significant contribution by them. Thus, at lower temperatures, 

he powder is assumed to consist only of fcc-Cr x Ta 1-x N. The onset 

f t-CrTaO 4 formation according to the refinement at 1050 °C is 

n good agreement with the impression from the phase plot. The 

ransformation of the nitride into the oxides occurs in a narrow 

emperature range of ∼225 °C, resulting in complete oxidation of 

he powder at ∼1275 °C. According to the phase quantification, the 

atio between t-CrTaO 4 and r –Cr 2 O 3 does not change significantly 

fter the nitride has completely transformed into oxides. 

The heat flow and mass change related to the oxidation of the 

owder is shown in Fig. 2 c. A pronounced exothermic peak is ev- 

dent between ∼1050 and 1300 °C, which is attributed to the oxi- 

ation of fcc-Cr x Ta 1-x N to t-CrTaO 4 and r-Cr 2 O 3 . From the kink in

he heat flow curve at ∼1150 °C a two-step reaction may be sug- 

ested. This hypothesis is substantiated by the slightly delayed on- 

et of r-Cr 2 O 3 formation observed in the synchrotron experiments. 

he overall mass increment upon oxidation amounts to ∼13.5%, 

hich meets the stoichiometric prediction at the given Cr/(Cr + Ta) 

atio. Finally, it should be mentioned that the peak temperatures 

rom the respective decomposition and oxidation reaction as de- 

ermined by the DSC-TGA experiments are well in line with the 

ndings from the synchrotron radiation experiment. 

To assess the oxidation resistance of the compact coating, Cr- 

aN on sapphire was heated in ambient atmosphere and the phase 

volution was studied by in-situ high temperature XRD. Since the 

sed heating chamber allows a maximum temperature of 1200 °C, 
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Fig. 1. (a) Cross-sectional secondary electron micrograph and (b) X-ray diffractogram of CrTaN on sapphire in as-deposited state. The X-ray diffractogram of powdered CrTaN 

is shown as well. 

Fig. 2. a) Phase evolution of powdered CrTaN in air between 100 and 1400 °C as obtained from the synchrotron radiation experiment. The standard peak positions of 

fcc-Cr 0.74 Ta 0.26 N, t-CrTaO 4 and r-Cr 2 O 3 at RT are given as well. b) Quantitative phase composition of the CrTaN powder in the temperature range from 1050–1400 °C as 

determined by quantitative Rietveld refinement. c) The heat flow and mass change data determined from the DSC/TGA experiment. 
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he recorded diffractograms in Fig. 3 a are depicted for a tempera- 

ure range between RT and 1200 °C. As for the powdered CrTaN, 

-Cr 2 O 3 and t-CrTaO 4 evolve upon oxidation of the compact coat- 

ng. However, a lower oxidation onset was observed in case of the 

ompact coating on sapphire compared to the powder. This coun- 

erintuitive observation can be attributed to the significantly lower 

eating rate of the lab-scale experiment ( ∼2.5 °C/min) than in the 

ynchrotron study (20 °C/min). 

An additional sample was heated within the DSC to 1225 °C 

t 20 °C/min, which allowed the investigation of a partly oxidized 

oating. The SE micrograph in Fig. 3 b shows that the partly oxi- 

ized coating consists of three zones. In zone 1, coarse equiaxed 

rains, which are significantly larger compared to the ones ob- 

erved in the as-deposited state ( Fig. 1 a), are visible. These coarser 

rains appear to be non-oxidized, since still a high fraction of N 

nd no O was detected within them. In contrast, the EDX mapping 

n Fig. 3 c shows that the grain boundaries provide significant dif- 

usion pathways for O, allowing oxidational processes to proceed 

nto deeper zones of the coating along its grain boundaries. From 

he EDX maps of O and N it is evident that the coating is entirely

xidized within zone 2, where also some porous domains within 
3 
he material are present. Both, regions rich in Ta, which can be 

ttributed to t-CrTaO 4 , and regions rich in Cr, corresponding to r- 

r 2 O 3 , can be identified. Within the outermost layer, no Ta was 

ound, indicating that zone 3 consists entirely of r-Cr 2 O 3 . It ap- 

ears that this region is significantly denser than the underlying 

ntermediate zone 2. This observation is in agreement with litera- 

ure, since r-Cr 2 O 3 is reported to form a dense oxide scale [ 8 , 31 ].

s Chen et al. have shown, CrTaN coatings exhibit a high hardness 

ot only in as-deposited state, but also after partial oxidation as a 

esult of thermal cycling [11] . 

TEM investigations allowed to obtain a detailed insight into the 

anoscale structure of the partly oxidized coating within the re- 

pective zones. A scanning TEM (STEM) overview micrograph, as 

ell as high resolution images of the intact CrTaN regions, the 

ntermediate porous layer and the dense surface oxide scale, are 

hown in Fig. 4 . In addition, fast Fourier transformation (FFT) im- 

ges recorded from selected areas are displayed in Fig. 4 . From 

he STEM image in Fig. 4 a it is evident that the largest grains are

resent within the intact CrTaN layer, whereas the intermediate 

ayer accommodates the smallest grains. The d-spacing determined 

y FFT and inverse FFT (IFFT) within a grain in the intact CrTaN 
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Fig. 3. Oxidation resistance of CrTaN on sapphire: a) The phase evolution of CrTaN on sapphire in air between RT and 1200 °C as determined by XRD. b) Secondary electron 

micrograph and c) Cr, Ta, N and O elemental maps recorded on a partly oxidized CrTaN coating. 

Fig. 4. a) STEM image of the partly oxidized CrTaN coating on sapphire. High resolution micrographs (top) and corresponding FFT images (bottom) of b) the intact CrTaN 

region, the porous intermediate layer accommodating c) CrTaO 4 and d) Cr 2 O 3 and e) the dense surface-near Cr 2 O 3 layer. 
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ayer ( Fig. 4 b) amounted to 2.4 Å, which can be attributed to the

nterplanar spacing of fcc-Cr x Ta 1-x N (111 planes) [ 32 , 33 ]. Within

he intermediate layer in Fig. 4 c, interplanar spacings correspond- 

ng to the (110) planes of t-CrTaO 4 (3.3 Å) were identified [34] . In

ddition, interplanar spacings of 3.6 Å were detected within the 

ntermediate layer in Fig. 4 d, which can be ascribed to the (012) 

lanes of r-Cr 2 O 3 [35] . This observation confirms that the interme- 

iate layer includes both, r-Cr 2 O 3 and t-CrTaO 4 grains. In case of 

he dense surface oxide scale ( Fig. 4 e), only interplanar spacings 

eported for r-Cr 2 O 3 , e.g. 3.7 Å, could be determined. 

Within this study, crystallographic, calorimetric and micro- 

copic characterization techniques were complementarily applied 

o investigate the oxidation resistance of a Cr 0.74 Ta 0.26 N coating de- 

osited by CAE. High-energy XRD at a synchrotron radiation facil- 

ty showed that powdered CrTaN exhibits a high resistance against 

xidative attack, since the first oxidation products are only ob- 

erved at ∼1050 °C. Upon increasing the temperature to higher val- 

es, the fcc-Cr x Ta 1-x N solid solution transforms into t-CrTaO 4 and 

-Cr 2 O 3 . The same oxidation products are observed, when a solid 

rTaN coating on sapphire is subjected to a heat treatment in air. 

rom a partly oxidized coating heated to 1225 °C, the presence of 

hree zones was identified: intact coarse-grained fcc-CrTaN regions 

t the interface to the substrate, a porous intermediate layer of r- 

r 2 O 3 and t-CrTaO 4 and a dense r-Cr 2 O 3 oxide scale at the surface.

he obtained data allow detailed insights into the oxidation of Cr- 

aN and confirm the suitability of (Cr,Ta)N based coatings for ap- 
4 
lication in demanding conditions such as metal cutting or glass 

olding. 
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