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a b s t r a c t 

The resistance of wear protective coatings against oxidation is crucial for their use at high temperatures. 

Here, three nanocomposite AlCr(Si)N coatings with a fixed Al/Cr atomic ratio of 70/30 and a varying 

Si-content of 0 at.%, 2.5 at.% and 5 at.% were analyzed by differential scanning calorimetry, thermogravi- 

metric analysis and X-ray in order to understand the oxidation behavior depending on their Si-content. 

Additionally, a partially oxidized AlCrSiN coating with 5 at.% Si on a sapphire substrate was studied across 

the coating thickness by depth-resolved cross-sectional X-ray nanodiffraction and scanning trans-mission 

electron microscopy to investigate the elemental composition, morphology, phases and residual stress 

evolution of the oxide scale and the non-oxidized coating underneath. The results reveal enhanced ox- 

idation properties of the AlCr(Si)N coatings with increasing Si-content, as demonstrated by a retarded 

onset of oxidation to higher temperatures from 1100 °C for AlCrN to 1260 °C for the Si-containing coatings 

and a simultaneous deceleration of the oxidation process. After annealing of the AlCrSiN sample with 5 

at.% Si at an extraordinary high temperature of 1400 °C for 60 min in ambient air, three zones developed 

throughout the coating strongly differing in their composition and structure: (i) a dense oxide layer com- 

prising an Al-rich and a Cr-rich zone formed at the very top, followed by (ii) a fine-grained transition 

zone with incomplete oxidation and (iii) a non-oxidized zone with a porous structure. The varying ele- 

mental composition of these zones is furthermore accompanied by micro-structural variations and a com- 

plex residual stress development revealed by cross-sectional X-ray nanodiffraction. The results provide a 

deeper understanding of the oxidation behavior of AlCr(Si)N coatings depending on their Si-content and 

the associated elemental, microstructural and residual stress evolution during high-temperature oxida- 

tion. 

© 2021 Published by Elsevier Ltd on behalf of Chinese Society for Metals. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Ceramic hard coatings are widely used in industry to protect 

he surface of tools in various machining and forming applications. 

ernary transition metal nitrides find widespread use due to their 

ood mechanical properties, thermal stability and oxidation resis- 

ance. However, modern applications like high-speed cutting or dry 

utting demand for wear-protective coatings resisting high temper- 
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tures beyond 10 0 0 °C in oxidative atmospheres [1] and stimulate 

he development of superior coatings with advanced microstruc- 

ural and compositional design. 

AlCrN coatings are widely used in industry due to their high 

ardness, thermal stability and oxidation properties resulting in an 

verall good resistance against wear [ 2 , 3 , 4 , 5 ]. The AlCrN sys-

em can be stabilized in its face-centered cubic structure up to 

n Al-content of about 70 at.% on the metal sublattice, and ex- 

ibits an additional hexagonal close packed phase exceeding this 

ritical solubility limit [6] . As the cubic AlCrN phase is thermally 

etastable, it decomposes at elevated temperatures into hexagonal 
is an open access article under the CC BY license 
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l(Cr)N and a Cr-enriched cubic Cr(Al)N phase [7] . In another step, 

-Cr(Al)N decomposes into Cr 2 N (and AlN) and finally Cr, accom- 

anied by the release of nitrogen yielding a porous structure with 

ndesirable mechanical properties [ 7 , 8 ]. Several attempts have 

een made to stabilize the AlCrN system in its cubic structure also 

t high temperatures by alloying [ 9 , 10 ], applying a multi-layered 

tructure [ 11 , 12 ] or using a dedicated residual stress design [ 13 ,

4 ]. 

Besides thermal stability, also the resistance against corrosion 

nd oxidation is important as the coatings are often exposed to 

ggressive lubricants and coolants and face high temperatures in 

mbient air. Regarding oxidation, AlCrN is superior to CrN, result- 

ng from the formation of an Al-rich oxide layer slowing down the 

iffusion of oxygen into the coating [15] . The oxidation behavior 

an be further improved by alloying using various elements [ 16 , 

7 , 18 , 19 ] including rare earth elements [ 19 , 20 ], of which Si is

 promising candidate [21] . The solubility of Si in AlCrN is be- 

ow 1 at.% [22] and Si segregates along grain boundaries to form 

n amorphous (a-)Si x N y phase [23] . The resulting MeN/a-Si x N y 

Me = Al/Cr) nanocomposite structure is beneficial for the oxida- 

ion resistance as no continuous diffusion path along grain bound- 

ries exists and intergranular diffusion of oxygen is suppressed 

24] . While AlCrSiN coatings have been investigated in terms of 

xidation resistance or tribo-logical behavior in ambient air, a de- 

ailed study about the elemental and microstructural changes dur- 

ng high-temperature oxidation including the residual stress de- 

elopment and the properties after oxidation is still missing. In 

ur previous work, we investigated the thermal stability of three 

lCr(Si)N coatings excluding oxidation processes [25] . While the 

ddition of Si resulted in a decrease in hardness from 32 GPa to 

8 GPa in the as-deposited state of the coatings, the hardness af- 

er vacuum annealing at 10 0 0 °C was enhanced by the supplemen- 

al Si resulting in a hardness of 26 GPa and 29 GPa for AlCrN 

nd both Si-containing coatings, respectively [25] . In this work, the 

ame coatings (AlCr(Si)N coatings with a fixed Al/Cr atomic ratio of 

0/30 and a Si-content of 0 at.%, 2.5 at.% and 5 at.%) were inves-

igated in terms of oxidation behavior. In a first step, the coatings 

ere analyzed by differential scanning calorimetry (DSC), thermo- 

ravimetric analysis (TA) and ex-situ X-ray diffraction (XRD) to un- 

erstand the oxidation behavior as a function of Si-content. In a 

econd step, the AlCrSiN coating with the highest oxidation resis- 

ance in the powdered state (5 at.% Si) was chosen to study the 

lemental and microstructural changes after high-temperature ox- 

dation. For this purpose, the coating was partially oxidized by an- 

ealing it at 1400 °C for 60 min in ambient air. Due to this ex-

remely high annealing temperature, a thermally highly stable sap- 

hire substrate was chosen to avoid interdiffusion of substrate and 

oating material. After oxidation, the sample comprising a 1.1 μm- 

hick oxide layer with a 3 μm-thick non-oxidized coating under- 

eath was studied by depth-resolved cross-sectional X-ray nanod- 

ffraction and scanning transmission electron microscopy (STEM). 

The results reveal an increase of the onset of oxidation from 

100 °C to 1260 °C and a significantly slowed down oxidation for 

he AlCrSiN coatings compared to AlCrN. The beneficial oxidation 

ehavior is mainly associated with a fundamental change in mi- 

rostructure from columnar grains to a nanocomposite structure 

ith an a-Si x N y grain boundary phase embedding AlCr(Si)N crys- 

allites. A detailed depth-resolved analysis of the partially oxidized 

lCrSiN sample with 5 at.% Si revealed the formation of a dense 

xide layer comprising an Al-rich followed by a Cr-rich zone at 

he very top of the coating, a transition zone with incomplete ox- 

dation and relatively fine grains comprising mainly mullite, SiO 2 

nd AlN underneath, and a non-oxidized coating with some pores 

losest to the substrate. The separation of the partially oxidized 

oating into zones with completely different elemental composi- 

ion and microstructures is associated with the formation of differ- 
u

92 
nt crystal phases and a fluctuating residual stress development 

cross the coating thickness, as shown by cross-sectional X-ray 

anodiffraction and STEM experiments. The approach comparing 

lCr(Si)N coatings with varying Si-content using DSC/TG and ex- 

itu XRD combined with depth-resolved analysis of the partially 

xidized AlCrSiN sample using advanced cross-sectional X-ray nan- 

diffraction and STEM allows for a comprehensive understanding 

f the oxidation behavior of AlCrSiN coatings and the underlying 

iffusion processes and changes in elemental composition, residual 

tress and microstructure. 

. Materials and methods 

.1. Coating deposition 

Three AlCr(Si)N coatings with varying Si-contents were de- 

osited by cathodic arc evaporation using an industrial scale coat- 

ng system (alpha400P, voestalpine eifeler-Vacotec) equipped with 

ets of six cathodes with a fixed Al/Cr atomic ratio of 70/30 and an 

lemental composition of Al 70 Cr 30 , Al 66.5 Cr 28.5 Si 5 and Al 63 Cr 27 Si 10 ,

espectively. The coatings were deposited onto WC-Co, polished 

apphire substrates and on mild steel foil mounted in onefold plan- 

tary rotation with a turning speed of 2 rpm. Prior to the depo- 

ition, the substrates were heated and plasma-etched to remove 

ontaminants and activate the surface to promote coating adhe- 

ion. For all coatings, a pure reactive nitrogen atmosphere with a 

ressure of 4 Pa, a substrate temperature of 480 °C, an arc current 

n each cathode of 100 A and a substrate bias voltage of -100 V 

ere used. 

.2. Coating characterization 

While the oxidation behavior of all three coatings was ana- 

yzed by DSC and TG analysis and ex-situ XRD, the coating with 

he highest oxidation resistance deposited from the Al 63 Cr 27 Si 10 

athodes (denoted as AlCrSi 5 N) was selected to study the elemen- 

al and microstructural changes depth-resolved along the coating 

ross-section after high-temperature oxidation. For this purpose, 

n AlCrSi 5 N sample on a sapphire substrate was oxidized at 1400 °C 

or 60 min in ambient air, aiming for a partially oxidized sample 

onsisting of a distinct oxide layer and a still preserved underlying 

oating. 

Fracture cross-sections of all coatings in the as-deposited state 

ere analyzed in terms of coating thickness and morphology using 

 scanning electron microscope (SEM) (Zeiss Leo1525, with 3 kV 

ccelerating voltage, 30 μm aperture and an inLens detector). The 

lemental composition of the coatings in the as-deposited state 

ere measured by Elastic Recoil Detection Analysis (ERDA) with a 

3 MeV 

35 Cl 7 + ion beam. The analyzed area was approximately 1.5 

m x 1.5 mm, the angle of the incoming beam was 75 ° with re- 

pect to the sample normal and the scattering angle was 31 ° with 

espect to the beam. The recoiling atoms and scattered 

35 Cl 7 + ions 

ere detected using a Bragg Ionization Chamber. Additionally, a 

ross-section of the partially oxidized AlCrSi 5 N coating was pre- 

ared by focused ion beam (FIB) microscopy in a ZEISS LEO 1540XB 

rossbeam using decreasing currents from 500 pA to 20 pA for 

olishing while minimizing the Ga + -ion damage. The sample was 

nalyzed along the cross-section by energy dispersive X-ray spec- 

roscopy (EDX) using 10 kV, a 60 μm aperture and the built-in 

ruker Quantax standards for quantification. For DSC and TG anal- 

sis, the coated steel foil was chemically removed using 10 mol % 

itric acid and the remaining coating material was ground in an 

gate mortar to obtain a fine powder. The DSC and TG experiments 

ere carried out in synthetic air using a Setaram Setsys Evo 2400 

ystem. 20 mg of each powdered sample was heated up to 1460 °C 

sing a heating rate of 20 K min 

−1 and cooled down at a cooling 
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Table 1 

Elemental composition of the coatings obtained by ERDA. 

Cathode composition Coating composition [at.%/wt.%] 

Al Cr Si N Al/Cr 

Al 70 Cr 30 32.6/35.7 16.7/35.3 0 51.0/29.0 2.0/1 

Al 66.5 Cr 28.5 Si 5 32.6/36.8 14.0/30.5 2.6/3.1 50.6/29.7 2.3/1.2 

Al 63 Cr 27 Si 10 30.8/34.9 13.7/29.9 4.7/5.5 50.5/29.7 2.2/1.2 
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ate of 50 K min 

−1 after an isothermal holding time of 30 min. A 

econd run with an empty crucible was performed under the same 

onditions to serve as a baseline. Furthermore, additional samples 

20 mg each) were annealed at 90 0 °C, 110 0 °C, 120 0 °C, 1260 °C,

320 °C and 1390 °C, respectively, applying the same heating/cooling 

ates without isothermal holding. X-ray diffractograms of the an- 

ealed powders were recorded using a diffractometer (Bruker D8 

dvance) equipped with an energy-dispersive Sol-X detector and 

pplying Cu-K radiation (8.04 keV). 

In order to gain depth-resolved information about the coat- 

ng microstructure, phases, defect density and residual stress de- 

elopment across the coating thickness of the partially oxidized 

lCrSi 5 N, a 30 μm thick lamella (in beam direction) of the coat- 

ng on a sapphire substrate (coating thickness of 4 μm) was 

nvestigated by cross-sectional synchrotron X-ray nanodiffraction 

26] performed at the nanofocus extension of the ID13 beamline 

t the European Synchrotron Radiation Facility (ESRF) in Grenoble, 

rance [27] . A monochromatic, point focusing X-ray beam (E = 12.7 

eV) with dimensions of 25 nm x 35 nm adjusted by Multilayer 

aue Lenses [28] was used in transmission geometry. The sam- 

le was moved along the whole coating thickness in steps of 20 

m and the diffraction data for each position were collected by 

 Dectris Eiger 4M detector. Detector calibration was performed 

y a NIST corundum powder and the sample-to-detector distance 

as evaluated as 134.927 mm. The resulting data were processed 

sing the PyFAI software package [ 29 , 30 ]. For every ring, 24 ra-

ial data sets were obtained by the azimuthal integration within 

5 ° wide sections. The full width at half maximum (FWHM) val- 

es were evaluated by fitting the diffraction peaks using a Pseudo- 

oigt function. The X-ray elastic stress depth distribution was re- 

eived by analyzing the elliptical shape of the Debye-Scherrer rings 

26] . The elastic constants 1/2 s 113 
2 of 0.3252 × 10 −5 MPa −1 

or Al 2 O 3 , 1/2 s 113 
2 of 0.4142 × 10 -5 MPa −1 for Cr 2 O 3 [31] , 1/2

 

110 
2 of 0.2848 × 10 −5 MPa −1 for mullite [32] and 1/2 s 100 

2 of 

.3903 × 10 −5 MPa −1 for AlN [33] were used. All X-ray elas- 

ic constants were calculated using the Hill-type grain interaction 

odel [34] . 

To study the microstructure and local variations in elemen- 

al composition of the individual regions of the partially oxidized 

lCrSi 5 N coating, high resolution and analytical scanning transmis- 

ion electron microscopy investigations were performed using a 

robe-corrected STEM (FEI Titan 

3 G2 60-300) operated at 300 kV, 

quipped with a silicon drift detector X-ray spectrometer (Super- 

). The sample for TEM were prepared by focused ion beam (Or- 

ay Physics Cobra Z-05) column attached to a field emission gun 

canning electron microscope (Zeiss Auriga). 

. Results 

.1. Elemental composition 

The elemental composition of the coatings in the as-deposited 

tate obtained by ERDA is reported already in [25] and given in 

able 1 for completeness. The Al/Cr ratio of the coatings is slightly 

ower compared to the cathodes (Al/Cr = 2.3), revealing an Al loss 
93 
uring deposition due to preferred gas scattering of the lighter Al 

toms within the plasma. 

In contrast, the Si-content in the coatings corresponds to its 

ontent in the particular cathodes. The nitrogen content in all coat- 

ngs is close to 50 at.% and the contamination with oxygen is be- 

ow 0.4 at.% for all coatings. For easier reading, the coatings are 

enoted as AlCrN, AlCrSi 2.5 N and AlCrSi 5 N throughout the paper, 

orresponding to the Al 70 Cr 30 , Al 66.5 Cr 28.5 Si 5 and Al 63 Cr 27 Si 10 cath-

des used for deposition, respectively. 

.2. Impact of the Si-content on the oxidation behavior 

SEM micrographs of fracture cross-section of AlCrN, AlCrSi 2.5 N 

nd AlCrSi 5 N in the as-deposited state with a coating thickness of 

bout 11 μm are shown in Fig. 1 . While AlCrN has a fine-grained

olumnar structure, the Si-containing coatings exhibit a more 

lassy and featureless morphology resulting from their nanocom- 

osite structure with an even smaller grain size. The DSC signals 

nd corresponding mass changes during annealing in ambient air 

o 1460 °C are presented in Figure 2 . Additionally, X-ray diffrac- 

ograms of powders annealed at selected temperatures (indicated 

y vertical lines in Fig. 2 ) are shown in Fig. 3 . Additionally, a

chematic showing the formation of the various phases as a func- 

ion of temperature summarizing the results of the DSC/TG and 

he XRD experiments is presented in Fig. 4 . In the as-deposited 

tate, the AlCrN coating is stabilized in the thermodynamically 

etastable cubic phase, as it is typical for an Al/Cr ratio of 2.3 [ 6 ,

5 ]. AlCrSi 2.5 N and AlCrSi 5 N exhibit a nanocomposite microstruc- 

ure with dual-phase (hexagonal and cubic) crystallites embed- 

ed in an a-Si x N y matrix [25] . The formation of the nanocompos- 

te microstructure also resulted in a substantial grain refinement 

nd a higher defect density reflected by broader diffraction peaks 

ith lower intensity and hence a noisier signal of the normal- 

zed diffractograms at RT in Fig. 3 . Up to 1100 °C, the only reac-

ions taking place are recovery processes and the decomposition of 

he thermodynamically metastable c-AlCr(Si)N into the more sta- 

le h-Al(CrSi)N phase and a Cr-enriched c-Cr(AlSi)N phase. While 

ecovery processes result in peaks with increasing intensity and 

ecreasing FWHM with increasing annealing temperature, the for- 

ation of h-Al(CrSi)N is evidenced by an increased intensity of the 

eflections stemming from the hexagonal phase ( Fig. 3 ). The con- 

ribution of both of these reactions to the DSC signal is relatively 

mall compared to the oxidation processes at higher temperatures 

nd hence results in only marginal buckles between 800 °C and 

100 °C in Fig. 2 (a). A more detailed description of processes re- 

ated to thermal stability excluding oxidation can be found in our 

revious paper [25] . 

A distinct deviation of the DSC signal from the baseline at 

100 °C for AlCrN marks the onset of oxidation for the coating 

ithout Si. An evidence of oxidation detected also by XRD is visible 

t 1200 °C in Figure 3 a, where signals of Cr 2 O 3 and Al 2 O 3 emanate

t 34 ° and 35 °, respectively. The onset of oxidation is shifted to 

260 °C for both Si containing coatings, indicated by the exother- 

ic contribution to the DSC signal in Fig. 2 (a). The oxidation of 

lCrSi 2.5 N and AlCrSi 5 N proceeds relatively slowly up to 1300 °C, as 

ndicated by a shallow increase of the DSC signal and very small 
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Fig. 1. SEM fracture cross-section images of (a) AlCrN, (b) AlCrSi2.5N and (c) AlCrSi5N coatings on a WC-Co substrates. 

Fig. 2. (a) DSC and (b) TG curves of AlCrN, AlCrSi 2.5 N and AlCrSi 5 N coating powders in synthetic air. Annealing temperatures for ex-situ XRD measurements of powders are 

given. 
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eaks of oxide phases at 1320 °C in Fig. 3 (b) and (c). Additionally,

eaks corresponding to the Cr 2 N phase at 40.2 ° and 43.6 ° ema- 

ating at 1200 °C in the X-ray diffractograms of all coatings reveal 

he decomposition of Cr-rich Cr(AlSi)N into Cr 2 N, accompanied by 

he release of nitrogen. The nitrogen release partially compensates 

or the mass gain during oxidation, resulting in an almost constant 

ass signal up to 1260 °C in Fig. 2 (b). A large exothermic contri-

ution to the DSC signal with a maximum at 1260 °C for AlCrN 

 Fig. 2 (a)) can be related to the formation of h-Al(CrSi)N and ac- 

elerated oxidation of the coating. The latter is demonstrated by 

n increasing sample mass above 1260 °C ( Fig. 2 (b)). The oxida- 

ion of AlCrSi 2.5 N and AlCrSi 5 N accelerates at 1300 C as evidenced 

y a kink in the DSC signal ( Fig. 2 (a)), a pronounced mass gain

 Fig. 2 (b)) and an increasing contribution of the oxide phases to 

he X-ray diffractograms ( Fig. 3 (b) and (c)). Since Si x N y is not sta-

le at temperatures above 1300 °C in the presence of pure Cr, it 

ecomposes and reacts with Cr while forming Cr 3 Si [36] . This en- 

othermic reaction leads to the buckles in the DSC signal obtained 

or AlCrSi 2.5 N and AlCrSi 5 N at ~1400 °C, as shown in Fig. 2 (a). Ad-

itionally, the subsequent release of nitrogen results in a consider- 

ble mass loss for AlCrSi N at 1400 °C ( Fig. 2 (b)). The Cr Si phase
5 3 

94 
ormed in AlCrSi 2.5 N and AlCrSi 5 N above 1390 °C is also detected by 

RD with peaks emanating at 39.5 ° and 44.3 ° ( Fig. 3 (b) and (c)). 

During the isothermal holding period at the maximum tem- 

erature of 1460 °C, the heat ow declines and converges to zero, 

hich indicates a deceleration of the oxidation processes. While 

he AlCrN coating is fully oxidized after the annealing in ambi- 

nt air ( Fig. 3 (a)), oxidation processes are still not completed for 

lCrSi 2.5 N and AlCrSi 5 N ( Fig. 3 (b) and (c)). These findings are sup-

orted by the TG analysis ( Fig. 2 (b)). While the mass of the AlCrN

ample remains unchanged after 10 min of annealing at 1460 °C, 

he Si containing coatings changed their mass during the whole 

sothermal holding period ( Fig. 2 (b)). The uncomplete oxidation of 

he Si-containing coatings is also confirmed by XRD, where small 

ractions of h-Al(CrSi)N are still observed at 1460 °C ( Fig. 3 (b) and

c)). After annealing at the maximum temperature of 1460 °C, AlCrN 

onsists only of an (Al/Cr) 2 O 3 phase, while AlCrSi 2.5 N and AlCrSi 5 N 

re composed of a small h-Al(CrSi)N fraction and Al 2 O 3 , Cr 2 O 3 ,

iO 2 and aluminosilicate phase (e.g. mullite, 3Al 2 O 3 •2SiO 2 ). While 

venly shaped peaks located between the nominal peak positions 

orresponding to Al 2 O 3 and Cr 2 O 3 are visible for AlCrN ( Fig. 3 (a)),

eak splitting of the reflections stemming from the oxide indicates 
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Fig. 3. X-ray diffractograms of (a) AlCrN, (b) AlCrSi 2.5 N and (c) AlCrSi 5 N coatings in the as-deposited state and after annealing at various temperatures in ambient air. 

Diffractograms with extended 2 angle are given in the supplementary Figure A.2 showing more details about the oxides formed in the Si-containing coatings after the 

DSC/TG experiment at 1460 °C. 

Fig. 4. Evolution of phases of AlCrN, AlCrSi 2.5 N and AlCrSi 5 N coatings as a function 

of temperature. 
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a  
 separation into Al-rich and Cr-rich oxide phases for AlCrSi 2.5 N 

nd AlCrSi 5 N. The formation of the various phases as a function 

f temperature of the AlCrN, AlCrSi 2.5 N and AlCrSi 5 N coatings is 

ummarized in Fig. 4 , illustrating the main differences in phase 

volution during oxidation. While AlCrN is purely cubic in the as- 

eposited state, the Si-containing coatings exhibit a dual phase 

exagonal and cubic structure, also resulting in a diminished for- 

ation of Cr 2 N at elevated temperatures. Finally, AlCrSi 2.5 N and 

lCrSi 5 N benefit from the formation of Cr 3 Si and an oxide layer 

omprising Al 2 O 3 , Cr 2 O 3 , Si x O y and some aluminosilicate, which 

esults in overall reduced oxidation up to 1460 °C. 

.3. Cross-sectional characterization of a partially oxidized AlCrSi 5 N 

oating 

To better understand local elemental and structural changes oc- 

urring during oxidation, a partially oxidized sample of AlCrSi 5 N 

as studied depth-resolved across the coating thickness by cross- 
95 
ectional X-ray nanodiffraction and TEM. AlCrSi 5 N was selected as 

t showed the highest oxidation resistance during DSC/TG inves- 

igations. Due to its outstanding oxidation resistance, the coat- 

ng had to be annealed at 1400 °C for 60 min in ambient air to

nduce oxidation to an extent, which allowed for formation of 

n oxide layer with sufficient thickness for further investigations. 

he partially oxidized sample consisted of an about 1.1 μm-thick 

xide layer with a 3 μm-thick non-oxidized coating underneath 

 Fig. 5 (a)). 

.3.1. Cross-sectional X-ray nanodiffraction 

In Fig. 5 , a cross-sectional SEM micrograph of the partially ox- 

dized AlCrSi 5 N coating is shown together with the evolution of 

hases, residual stress and the FWHM as a function of coating 

epth. Throughout the coating, three zones developed differing in 

heir composition and structure: at the very top, a dense oxide 

ayer with a thickness of about 1.1 μm formed, followed by a 1 

m thick transition zone with incomplete oxidation. Finally, a non- 

xidized 2 μm-thick zone close to the substrate with some pores 

s formed. 

The oxidation progress across the coating depth is documented 

y the elemental variations across the coating thickness shown in 

igure 5 a. The oxygen content of the oxide layer is between 55 at.% 

nd 66 at.%, strongly decreasing throughout the transition zone 

eaching a minimum of about 7 at.% in the non-oxidized coating. 

imultaneously, while almost no nitrogen is present in the oxide 

ayer, the nitrogen content rises to about 35 at.% within the tran- 

ition zone and is then constant for the non-oxidized coating un- 

erneath. The oxide layer is separated into an Al-rich part at the 

ery top with a thickness of 400 nm and a Cr-rich, 700 nm-thick 

art below. Hardly any Si except close to the surface (2 at.%) can be 

ound in the oxide layer. While the Al-content increases within the 

ransition zone to be constant at about 50 at.% for the non-oxidized 

oating, hardly any Cr can be found in the transition zone and the 

on-oxidized coating underneath. Only close to the substrate small 

mounts of Cr (2 at.%) can be found ( Figure 5 a). While an enrich-
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Figure 5. (a) SEM micrograph of the partially oxidized AlCrSi 5 N sample on a sapphire substrate (with included EDX line-scans), (b) phase evolution, (c) the residual stress 

development and (d) the FWHM values as a function of coating depth. 
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ent of Si in the transition zone with a maximum of about 15 

t.% can be observed, it is constant for the non-oxidized coating at 

bout 6 at.%. 

The variation of the elemental composition is strongly related 

o the phase evolution and corresponds to the formation of the 

hree zones differing in their phase composition and microstruc- 

ure ( Fig. 5 (b)). The oxide layer is separated in Al 2 O 3 at the very

op and Cr 2 O 3 underneath, both oxide phases exhibiting a trigo- 

al crystal structure but a difference in their lattice constant. The 

ransition zone below the oxide layer comprises numerous diffrac- 

ion patterns with low intensity indicating the presence of phases 

arying in their elemental composition and oxidation state. They 

an be assigned to Al 2 O 3 , Cr 2 O 3 , mullite (3Al 2 O 3 •2SiO 2 ), SiO 2 and

lN. Finally, the non-oxidized part of the coating consists mainly 

f the h-Al(CrSi)N phase with the absence of c-Cr(AlSi)N, Cr 2 N or 

-Cr. Some chromium silicide phases (mainly Cr 3 Si, but also mi- 

or amounts of CrSi and Cr 5 Si 3 ) can be found close to the sub-

trate at a coating depth between 3 μm and 4 μm. These findings 

together with the EDX measurement) suggest that the Cr almost 

ompletely diffused into the oxide layer at the very top of the coat- 

ng during oxidation. In Figure 5 c, the residual stress development 

cross the coating depth evaluated from the AlN 100, the Cr 2 O 3 

nd Al 2 O 3 113 and the mullite 110 peak is depicted. The whole 

oating is compressively stressed with stresses ranging from -0.1 

Pa to -1.5 GPa. A decrease of compressive residual stress with in- 

reasing distance from the surface from -1 GPa to -0.1 GPa is ob- 

erved for Al 2 O 3. The Cr 2 O 3 phase exhibits a compressive stress 

f about -0.2 GPa, which is increasing to -0.6 GPa and -1.3 GPa 

owards the interfaces to the oxide layer and the transition zone, 

espectively. The highest compressive residual stress of the entire 

oating is found in the transition zone at about -1.1 GPa. Finally, 

he h-Al(CrSi)N phase is characterized by a constant compressive 

tress of -0.6 GPa for the major part of the non-oxidized coating, 

ising up to -1 GPa close to the transition zone and to the sub- 

trate. 

In Fig. 5 (d), the FWHM is plotted as a function of coating 

epth. The FWHM of an X-ray diffraction peak correlates with the 

rystallite size and stress of second and third order [37] and its 

hanges, thus attributed to microstructural variations across the 

oating thickness. The Al 2 O 3 , the Cr 2 O 3 and the mullite phase ex- 

ibit FWHM values decreasing from 0.2 ° to 0.1 ° with increasing 

istance from the surface. FWHM values up to 0.6 ° for the h- 

l(CrSi)N phase within the transition zone decreasing to 0.2 ° and 

eing constant at this value for the non-oxidized coating indicate 
96 
 smaller grain size of the transition zone compared to the non- 

xidized coating underneath. 

.3.2. TEM analysis of partially oxidized AlCrSi 5 N 

For a better understanding of the microstructural and elemental 

ariations along the cross-section of the partially oxidized AlCrSi 5 N 

oating, STEM investigations including qualitative EDX measure- 

ents were performed. An overview of the sample cross-section by 

igh-angle annular dark eld (HAADF) STEM is shown in Fig. 6 (a), 

ogether with EDX mappings from selected areas at a higher mag- 

ification ( Fig. 6 (b-d)). From top to bottom, three different zones 

f the coating can be clearly distinguished: a dense oxide layer 

t the very top, a transition zone between the fully oxidized and 

on-oxidized part of the coating and a non-oxidized AlCrSi 5 N coat- 

ng at the bottom ( Fig. 6 (a)). The oxide layer consists of an Al-rich

ayer (darker) and a Cr-rich layer below (brighter). The contrast can 

e referred to elements differing in their mass (atoms with higher 

tomic mass appear brighter). The elemental distribution of the ox- 

de layer as determined by EDX ( Fig. 6 (b)) reveals an Al-rich ox- 

de layer with slightly lower oxygen content at the very top of the 

oating and an oxide layer consisting almost exclusively of Cr-oxide 

ith a higher amount of oxygen underneath. A Si-rich domain con- 

aining hardly any Al and Cr and with less oxygen compared to 

he surrounding Al and Cr oxide phases can be found between the 

l-rich and Cr-rich oxide layers ( Figure 6 b). An abrupt change in 

he composition from a high oxygen content towards a very low 

xygen- and a high nitrogen-content indicates the interface be- 

ween the oxide layer and the transition zone underneath. Besides 

he different composition, the transition zone is characterized by 

 slightly finer grained microstructure. A pronounced segregation 

f Al and Si during annealing resulted in the formation of Al- and 

i-rich domains. Further-more, the transition zone is strongly de- 

leted of Cr, which is obviously concentrated only in macroparti- 

les stemming from the deposition process. The non-oxidized coat- 

ng underneath the transition zone exhibits a coarser grained mi- 

rostructure, with an elemental composition similar to the one of 

he transition zone ( Fig. 6 (c)). Cr in this region can be found also

xclusively in macroparticles, which exhibit an increased amount 

f oxygen compared to the surrounding coating. During annealing, 

l- and Si-rich domains were formed. Additionally, pores (origi- 

ating from the N-release during decomposition of CrN into Cr 2 N) 

urrounded by a dark, grey rim can be clearly seen in the HAADF 

TEM micrograph ( Fig. 6 (d)). The rim of the pores is characterized 

y a low Al-, Cr- and N-content and consists mainly of Si and O. 
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Fig. 6. STEM micrographs of the partially oxidized AlCrSi 5 N coating showing (a) an overview across the coating thickness as imaged by HAADF and EDX maps of (b) the 

oxide layer, (c) the transition zone and (d) the non-oxidized coating. 
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. Discussion 

The oxidation resistance of ceramic hard coatings at high tem- 

eratures depends not only on their elemental composition but is 

lso strongly affected by their crystallographic phases and their 

icrostructure. The latter have a major impact on the oxidation 

ehavior as oxidation is a highly diffusion-controlled process. Phys- 

cal vapor deposited coatings typically exhibit a columnar grain 

tructure with elongated grains perpendicular to the substrate sur- 

ace resulting from the competitive grain growth and thus suffer 

rom continuous diffusion paths along the grain boundaries di- 

ectly connecting surface and substrate, a downside which can be 

vercome by an advanced microstructural design like multi-layered 

rchitectures or amorphous grain boundary phases [38] . Two main 

iffusion-related mechanisms are decisive for high-temperature 

xidation: (i) the relative outward diffusion of coating elements, 

ike Al, Cr, Si and N for the coatings in this work, and (ii) the

elative inward diffusion of oxygen. The diffusion of substrate el- 

ments across the coating-substrate interface may also play a role 

ut is neglected here as only powders and coatings on thermally 

ighly stable sapphire substrates were investigated. In applications, 

utwards diffusion of metallic elements from metal-based sub- 

trates may affect the oxidation kinetics, phase transformations 

nd changes in the microstructure [39] , which could be addressed 

y applying a diffusion barrier layer (e.g. TiN) between substrate 

nd coating. The formation of an oxide layer on the top of the 

oating during early stages of oxidation strongly affects the inward 

iffusion of oxygen as well as the outward diffusion of coating ele- 

ents. In general, elements forming dense oxide layers at the sur- 

ace of the coatings are preferable as they act as protective pas- 

ivation layers. An example is the improved oxidation resistance 

f AlCrN compared to CrN coatings, which is associated with the 

ormation of an Al-rich oxide layer inhibiting the inward diffusion 

f oxygen [15] . The addition of Si also has a beneficial effect on
97 
he oxidation behavior of AlCr(Si)N coatings. Referring to the coat- 

ngs investigated in this work, the onset of oxidation is shifted to 

igher temperatures from 1100 °C to 1260 °C for the Si-containing 

oatings compared to AlCrN, and the oxidation progress in the 

emperature range from 1200 °C to 1460 °C is slowed down signifi- 

antly ( Fig. 2 and Fig. 3 ). Si, like Al, forms dense, stable oxides as

ell and SiO 2 can be found in both oxidized Si-containing coat- 

ngs ( Fig. 3 and Fig. A.2). Additionally, SiO 2 and Al 2 O 3 form stable

hemical compounds with much lower enthalpy of formation (e.g. 

H mullite 
0 = 6819 kJ mol −1 ) than Al 2 O 3 ( �H Al 

0 = 1676 kJ mol -1 ),

r 2 O 3 ( �H Cr 
0 = 1140 kJ mol -1 ) or SiO 2 ( �H SiO 

0 = 911 kJ mol −1 )

40] . Therefore, an oxide layer tends to form in early stages of ox- 

dation inhibiting the inward diffusion of oxygen and thus slowing 

own the subsequent oxidation process. Since the addition of Si to 

he AlCrN-system also results in the nanocomposite structure and 

he a-Si x N y grain boundary phase accompanied by a considerable 

rain refinement and densification of the microstructure ( Fig. 1 ), 

nward diffusion of oxygen and outward diffusion of coating el- 

ments is further reduced as no continuous diffusion path along 

rain boundaries does exist anymore in contrast to the columnar 

icrostructure of AlCrN [41] . This is also evident in the SEM micro- 

raphs of the powdered coatings after annealing at 1260 °C given 

n the supplementary Fig. A.1. The surface morphology of areas 

here the top oxide layer chipped o allows for conclusions about 

he oxidation progress of the respective coatings. While the rela- 

ively rough surface morphology of AlCrN indicates that oxidation 

ook place below the oxide layer too (Fig. A.1a), the comparatively 

mooth surface morphology of the Si-containing coatings indicates 

 limitation of the oxidation process to a thin oxide layer at the 

op, protecting the coating underneath (Fig. A.1b, c). 

Another aspect in influencing the oxidation behavior of the 

espective AlCr(Si)N coatings is the thermal stability of the in- 

ividual phases of the AlCr(Si)N coatings. In general, thermally 

table phases are preferable compared to those with undergoing 
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hase transformations at elevated temperatures (e.g. c-AlCrN into 

-AlCrN) as changes in crystal structure are typically accompa- 

ied by volume changes resulting in new diffusion paths asso- 

iated with a higher defect density or even formation of micro- 

racks [ 42 , 21 ]. The crystallographic structure of AlCrN strongly de- 

ends on the Al/Cr ratio and can be stabilized in the thermody- 

amically metastable supersaturated face centered cubic solid so- 

ution phase up to an Al-content of 70 at.% on the metallic sub- 

attice [ 6 , 35 ]. For higher Al-contents the hexagonal dense packed 

tructure becomes more favorable. Si also promotes the formation 

f the hexagonal phase [25] . Since the coatings investigated in this 

ork have an Al/Cr ratio close to the cubic-to-hexagonal transi- 

ion, AlCrN is the only purely cubic coating while AlCrSi 2.5 N and 

lCrSi 5 N exhibit a mixed hexagonal and cubic structure due to 

he additional Si ( Figure 3 ). Due to the metastable nature of the

-AlCr(Si)N phase, it starts to decompose into Cr-rich c-Cr(AlSi)N 

nd Al-rich h-Al(CrSi)N phases [25] . The formation of the hexag- 

nal AlN phase is accompanied by a volume expansion of 26 % 

43] , which results in the above-mentioned new diffusion paths. 

s this occurs to a much smaller extent for the Si-containing 

oatings (large amount of the hexagonal phase already present 

n the as-deposited state, Fig. 3 ) and the individual crystallites 

re embedded in the a-Si x N y matrix, AlCrSi 2.5 N and AlCrSi 5 N are 

uch less affected by these phase changes at elevated temper- 

tures and the oxidation progress is slowed down compared to 

lCrN. 

At even higher temperatures, the Cr-enriched c-Cr(AlSi)N phase 

tarts to decompose into Cr 2 N and finally into pure Cr, accompa- 

ied by the release of nitrogen [7] . These decomposition processes 

trongly affect the oxidation behavior in three different ways. 

irstly, the release of nitrogen results in the formation of pores 

 Fig. 5 and Fig. 6 ) which facilitates enhanced diffusion (as surface 

iffusion is faster than bulk diffusion). Secondly, CrN has lower ox- 

dation rates than those observed for Cr 2 N [44] . The higher on- 

et temperature and retarded progress for the decomposition of c- 

r(AlSi)N into Cr 2 N and nitrogen, as shown in our previous work 

25] and indicated by the X-ray diffractograms in Fig. 3 , therefore 

lso contributes to the enhanced oxidation resistance of the Si- 

ontaining coatings. Finally, free, unbound Cr, as the nal decom- 

osition product, plays a major role in the oxidation process, as 

t was found to be more mobile compared to Al and thus di uses 

aster to the surface where it forms surface oxides [45] . While Cr 

n AlCrN can easily di use to the surface where it forms Cr 2 O 3 , free

r is limited in the Si-containing coatings as it is bound in form of 

r 3 Si ( Fig. 3 ). Cr 3 Si, as a chemical compound, can be assumed to

ave a much lower diffusivity than pure Cr, and thus outward dif- 

usion of Cr is suppressed for the AlCrSi 2.5 N and AlCrSi 5 N coatings 

nd the oxidation is slowed down. These findings are supported 

y X-ray reflections stemming from the Cr 3 Si phase (at 2 angles 

f 24.7 ° and 27.7 ° in Fig. 5 ). The decreasing intensity of the X-ray

eflections with increasing distance from the substrate towards the 

urface indicate that the outward diffusion of Cr is not fully com- 

leted yet and the Cr 3 Si phase suppresses the diffusion. 

The reduced Cr outward diffusion of the Si-containing coatings 

lso affects the microstructure of the formed oxide layer. Usually, 

xide layers with multi-layered structure are observed for AlCrN 

oatings [ 15 , 46 , 47 ]. Because of the higher mobility of Cr com-

ared to Al, a Cr-rich oxide layer forms at the very top and an Al-

ich oxide layer underneath. If the outward diffusion of Cr is pre- 

ented, for example by applying a TiN diffusion barrier as shown 

y Galindo et al. [45] , the oxidation resistance of AlCrN coatings 

an be significantly enhanced. In the case of the Si-containing coat- 

ngs of this work, the outwards diffusion of Cr is also strongly sup- 

ressed (as the free Cr is bonded to Si forming Cr 3 Si which re-

uces its diffusion rate). As a result, a beneficial Al-rich oxide layer 

ormed at the very top of the surface of the AlCrSi 5 N coating after
98 
nnealing at 1400 °C for one hour ( Fig. 6 , Fig. 5 (b)), which is in con-

rast to AlCrN coatings of previous works where typically a Cr-rich 

xide layer forms at the very top of the coatings [ 15 , 46 , 47 ]. 

The different oxidation behavior of the AlCr(Si)N coatings (sup- 

ressed outwards diffusion of Cr) also results in the formation 

f different oxides at the top of the coatings. While a mixed 

Al/Cr) 2 O 3 phase is observed for AlCrN, a separation into an Al 2 O 3 

nd a Cr 2 O 3 oxide is observed for AlCrSi 2.5 N and AlCrSi 5 N ( Fig. 3 ).

lthough the Al 2 O 3 -Cr 2 O 3 system exhibits a distinctive miscibility 

ap below 1300 °C [48] , a solid solution of those oxides formed on 

lCrN during oxidation at 1460 °C and sustained during cooling to 

oom temperature was found ( Fig. 3 ). In contrast, the Additionally 

ormed SiO 2 in the Si-containing coatings is highly soluble in Al 2 O 3 

49] but not soluble in Cr 2 O 3 in the whole temperature range [50] .

his is the reason why Al 2 O 3 and Cr 2 O 3 separated and coexist in

he oxide layer, as indicated by separated peaks emanating from 

ach phase ( Fig. 3 ). 

The annealing of the AlCrSi 5 N sample at the exceptional high 

emperature of 1400 °C for 60 min in ambient air resulted in con- 

iderable diffusion of the respective coating elements, as-sociated 

y the formation of an oxide layer and substantial phase changes 

f the non-oxidized coating underneath. Despite these extensive 

lemental and microstructural changes, a com-pressive residual 

tress state is preserved for the whole coating ( Fig. 5 (c)) empha- 

izing the high thermal stability of the coating. The variations 

n the residual stress between -0.1 GPa and -1.5 GPa may origi- 

ate from the thermal mismatch between the individual coating 

hases and/or coherency stresses between the different phases. Ac- 

ordingly, the highest compressive stress within the whole coating 

an be found in the transition zone comprising the most differ- 

nt phases. Furthermore, slight pileups of heightened compressive 

tress can be found at the interfaces between the oxide layer and 

he transition zone, the transition zone and the non-oxidized coat- 

ng and the coating-substrate interface. 

The separation of the oxide at the top of the coating into phases 

ith different elemental composition is accompanied by the for- 

ation of layers with different microstructures. While the Al-rich 

xide layer seems to be finer grained (slightly larger FWHM in 

ig. 5 (d)), the Cr-rich oxide and the mullite is a little bit coarser 

rained (indicated by smaller FWHM in Fig. 5 (d)). The Al(CrSi)N 

hase in the transition zone representing the oxidation front is 

elatively fine-grained as a result of the ongoing nucleation and 

ormation of the oxide phases. The grain size increases towards 

he non-oxidized coating underneath and is constant for the 2 

m thick part of the coating close to the substrate. The originally 

anocomposite structure of the non-oxidized coating underneath 

as changed in favor of a relatively coarse-grained microstructure. 

he coating elements strongly segregated and formed grains with 

ndividual high Al- and Si-content, while the Cr almost completely 

iffused to the top of the coating forming Cr 2 O 3 . 

Summarized, Si has a beneficial impact on the oxidation behav- 

or of the AlCrN-system already at relatively small concentrations 

p to 5 at.%. Higher Si-contents might further enhance the oxida- 

ion resistance but at the expense of a reduced hardness resulting 

rom the larger fraction of the a-Si x N y phase [51] . The main im- 

act on the oxidation behavior must be associated with the change 

n microstructure. While AlCrN has a two-dimensional microstruc- 

ure with columnar grains allowing oxygen to di use along the 

rain boundaries, the addition of Si results in a three-dimensional 

anocomposite microstructure where the AlCr(Si)N crystallites are 

mbedded in an a-Si x N y tissue phase. The improved oxidation re- 

istance of AlCrSiN coatings combined with their enhanced me- 

hanical properties at high-temperatures (see our previous work 

25] ), makes the AlCrSiN coatings a perspective material for chal- 

enging high-temperature applications like high-speed or dry cut- 

ing. 
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. Summary and conclusion 

The oxidation behavior of arc evaporated AlCrN, AlCrSi 2.5 N 

nd AlCrSi 5 N (fixed Al/Cr ratio of 70/30) was investigated by 

SC/TG combined with ex-situ XRD. Additionally, a partially ox- 

dized AlCrSi 5 N sample consisting of a 1.1 μm thick oxide layer 

n a 3 μm non-oxidized coating was cross-sectiofinally studied 

ith respect to its elemental distribution, microstructure, formed 

hases and residual stress development by X-ray nanodiffraction 

nd STEM. The beneficial effects rising from the addition of Si to 

he AlCrN-system can be summarized as follows: 

• Formation of a nanocomposite structure with a dense a-Si x N y 

grain boundary phase avoiding continuous diffusion paths along 

grain boundaries from the coating surface to the substrate. 
• Pronounced grain refinement and densification of the mi- 

crostructure. 
• Retarded decomposition of CrN into Cr 2 N and thus retarded for- 

mation of pores due to the released nitrogen. 
• Diminished diffusion of chromium outwards due to the forma- 

tion of Cr 3 Si leading to a favored Al-rich oxide layer at the very 

top of the coating preventing oxygen from diffusing inward. 
• formation of dense, stable oxides (e.g. Si x O y and aluminosili- 

cate) already during early stages of oxidation acting as passiva- 

tion layers and slowing down oxidation 

Cross-sectional X-ray nanodiffraction and STEM analysis after 

nnealing an AlCrSi 5 N sample at 1400 °C for one hour revealed a 

artially oxidized coating consisting of a 1.1 μm thick oxide layer, 

 1 μm thick transition zone below and a 2 μm thick non-oxidized 

oating below. The oxide layer is divided into an Al-rich part at the 

ery top and a Cr-rich part underneath. The transition zone repre- 

ents the area of ongoing oxidation and exhibits a finer grained 

icrostructure. Finally, a 2 μm thick non-oxidized coating is still 

emaining, represented by completely segregated coating elements 

nto individual grains and some pores. 

Adding Si to the AlCrN-system results in the formation of a 

elf-assembling nanocomposite microstructure with highly bene- 

cial properties. This advanced microstructural design al-lows for 

ontrolling the diffusion paths of oxygen and coating elements 

hrough the coating and for governing the microstructure of the 

xidation layer formed at the top protecting the coatings from fur- 

her oxidation. As a result, the onset of oxidation was increased 

rom 1100 °C to 1260 °C and the speed of the oxidation was slowed

own significantly, which makes AlCrSiN coatings promising candi- 

ates for high-temperature applications such as high-speed or dry 

utting. 
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