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Abstract 

CrAlYN hard coatings with two different average Al contents: 16 at.% and 25 at.%, 

and Y concentration varying between 1.2 and 5.7 at.% were deposited by direct current 

reactive magnetron co-sputtering of mixed Cr-Al and Y targets on commercial M2 steel 

substrates. The samples were heated to 1000 ºC in air during 2 h to study their oxidation 

resistance and thermal stability. The Y content is critical and the coatings present 

different behaviour depending on the Al content. The best oxidation resistance and 

thermal stability are obtained for the coating with 16 at.% Al and 3.4 at.% Y.  The 

initial film microstructure and the cubic phase (fcc-CrAlN) were retained, and a thin 

(Cr,Al)2O3 oxide protective scale was formed. At lower Y content (1.2 at.%) iron from 

the substrate crosses the coating, while a higher content (4.6 at.%) avoided the iron 

diffusion at the expense of a thicker oxide scale with new oxide phases. The coatings 

with higher Al content (~25 at. %) were not thermally stable at 1000ºC. A good 

oxidation resistance was obtained for 2.6 at.% of Y although new phases (hcp-AlN and 

Cr-Fe) were formed. Higher amount of yttrium (5.7 at. %) led to the complete 

oxidation of the coating.   

 

Introduction 

Cr1-xAlxN films deposited by physical vapor deposition have proven to be 

excellent candidates for advanced machining and protection for high-temperature 

applications due to their excellent hardness, wear, corrosion and oxidation resistance 

properties [1-9]. The incorporation of Al atoms in the face-centered cubic (fcc) lattice of 

CrN leads to a substantial hardening by the formation of a metastable solid solution, 
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when x=0.60 to 0.75. Beyond this critical threshold, the formation of a hexagonal 

closed-packed (hcp) AlN structure occurs, leading to a strength diminution [4,10]. In 

addition, the oxidation and corrosion resistance is improved with respect to CrN [7, 11-

14], due to the development of dense and adherent mixed aluminium and chromium 

oxide scales that eventually suppresses the diffusion of oxygen into the bulk and the 

outward diffusion of metallic cations [7, 15-17], thereby providing excellent oxidation 

resistance up to temperatures higher than 900 ºC [8, 18]. But, the increasingly 

demanding operating conditions of industrial processes such as dry or high speed 

cutting of high-strength materials [1-2] require the use of materials capable of 

withstanding working temperatures of 1000 ºC or higher. This pre-requisite necessitates 

the design of advanced coatings with superior oxidation resistance and thermal stability. 

There are two reported approaches to enhance these properties. On the one hand, an 

architectural arrangement (e.g. superlattice effect) as already proven with CrN-based 

multilayer systems like CrN/AlN [19-20], CrN/CrAlN [21], TiAlN/CrAlN [22] or 

TiAlSiN/CrAlN [23]. On the other hand, the incorporation of yttrium as a reactive 

element (RE) in CrAlN coatings, which reduces the oxide scale growth rate and increase 

the onset of decomposition to 1100ºC [24-30]. However, some discrepancies are found 

in the literature concerning the effect of the RE [31-34] and the optimum Y content [27, 

29, 35], which seems to be dependent on the Al content, the film architecture and 

microstructure. These aspects as well as the influence of the substrate have been studied 

and revised in our previous publications with multi-layered CrAlYN coatings [25-26, 

36]. In this sense, in this work, we have prepared two series of CrAlYN coatings by co-

sputtering with two different Al contents: 16 at.% (set I) and 25 at.% (set II), and Y 

concentration varying between 1.2 and 5.7 at.%. We focus special attention to the 

microstructure evolution during the oxidation processes, the Y location, and the 

chemical phases formed after the annealing treatment at 1000 ºC in ambient air. This 

study allows shedding new light about the oxidation mechanism and the effect of the 

RE of Y, on coatings deposited on M2 steel, which is eventually used in the final 

foreseen application.  

Experimental 

CrAl(Y)N coatings were prepared on M2 steel and (100) silicon substrates by 

direct current magnetron sputtering in a commercial equipment (CemeCon® CC800/8) 

provided with two rectangular targets (200 mm  88 mm  5 mm): one mixed AlCr  
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(99.95 purity, AlCr20 for set I and AlCr10 for set II), and  a second one made of yttrium 

(99.5% purity). The base pressure of the vacuum chamber was 110
−4

 Pa and the 

working pressure set at 1 Pa, with at Ar/N2 ratio of 1.5. The sputtering conditions were 

set to 3000 W for the AlCr mixed targets and 500, 750 and 1000 W for Y target. The 

sample holder was negatively biased in the range of 5-10 V and the measured 

temperature span from 200 to 400 °C. Table 1 summarizes synthesis conditions, 

chemical composition, and mechanical properties of the samples under investigation 

divided into two categories (Set I and II) depending on the average Al content (16 and 

25 at.%) respectively. The average thickness of the coatings is ~5 µm. 

Chemical composition of the samples was obtained by electron probe 

microanalysis (EPMA). The equipment was a JEOL JXA-8200 SuperProbe instrument 

equipped with four wavelengths detectors (WDS) and one energy-dispersive X-ray (X-

EDS). Glow discharge optical emission spectroscopy (GD-OES) was used for obtaining 

the chemical depth profiling employing a Horiba Jobin Yvon RF instrument. This 

equipment was operated in argon plasma of 650 Pa and forward power of 40 W with a 4 

mm diameter copper anode.  

The X-ray diffraction (XRD) patterns were obtained in a X´Pert Pro 

PANALYTICAL diffractometer in the conventional θ-2θ Bragg-Brentano configuration 

using Cu K radiation. The texture of the films was characterized by the texture 

parameters (Thkl) and the grain sizes were estimated by the well-known Scherrer 

equation for all peaks. As preferential orientation is often present in thin films, the 

textural parameters were used as weight factors in order to average the crystal values 

obtained from different peaks as described in [37]. 

Raman spectra (200-2000 cm
-1

) were measured using a LabRAM Horiba Jobin 

Yvon spectrometer equipped with a CCD detector and a diode-pumped solid state laser 

(532 nm) at 5 mW. All of the samples were analyzed during 100 s of exposure time and 

with an aperture hole of 100 μm.  

The morphology and thickness of the as-prepared coatings deposited on silicon 

substrates were studied using a high resolution scanning electron microscope (SEM 

HITACHI-S4800 equipped with a field emission gun (FEG) and X-EDS detector 

(Bruker, XFlash-4010). Cross-section views were obtained by cleaving the coated 

silicon substrates. For the transmission electron microscopy (TEM) characterization of 

the as-prepared coatings, cross-sections specimens were prepared from coated silicon 

pieces following the conventional procedure of mechanical polishing followed by argon 



4 
 

ion milling to electron transparency. Cross-sections lamellas of the heated samples at 

1000ºC deposited on M2 steel were prepared using a dual focused ion beam (Dual-

Beam Helios). To get microstructural and chemical information, a FEI Tecnai FEG 

scanning transmission electron microscope (STEM), mod. G2F30 with an S-Twin 

objective lens was used. The STEM microscope operated at 300 kV, with 0.2 nm point 

resolution, and equipped with a high angle annular dark field (HAADF) detector from 

Fischione with 0.16 nm resolution and an X-EDS detector SSD model INCA X-Max 80. 

Electron energy-loss spectroscopy (EELS) was obtained using a Gatan Imaging Filter 

(GIF) attached to the Tecnai microscope (QUAMTUM SE model). EELS spectra were 

recorded in STEM mode using a probe with a size of less than 1 nm, with a 

spectrometer collection angle of 9.6 mrad. Under these conditions, the energy resolution 

of the couple microscope/spectrometer system was 0.8 eV. 

The mechanical properties were measured with a Fischerscope H100 dynamic 

microprobe instrument using a conventional Vickers indenter at loads up to 10 mN. The 

maximum load was selected in such a way that the maximum indentation depth did not 

exceed 10–15 % of the coating thickness to avoid the influence of the substrate.  

 

Results and discussion 

 

Characterization of the initial coatings 

 

The microcrystalline composition of the as-deposited CrAlYN coatings deposited 

on M2 steel is studied by XRD in θ-2θ geometry (Fig. 1). The diffractograms are 

congruent with a cubic structure fcc-CrN (JCPDS ref. 76-2494) whose peak positions 

and intensities are correlated with the Al and Y incorporation into the CrN lattice. With 

increasing Y content the XRD peaks shift to smaller 2θ diffraction angles, indicating an 

increase in the lattice constant and/or in the film residual stress. An increment of the 

mean lattice constant is expected by substitution of Cr and Al positions in the CrAlN 

lattice by yttrium atoms with bigger atomic radius. A clear [200] preferred orientation is 

observed for the coatings Al(16)Y(3.4) and Al(25)Y(2.6) while (220) peaks develops 

for the rest. Further confirmation is concluded from the analysis of the texture 

parameters Thkl for all samples. Figure 2a reveals that T200 > 2 for the samples cited 

previously and a preferential growth of the (220) peak for the samples with the smallest 
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and the highest Y content. The texture parameters were used as weight factors for the 

calculation of the average crystal sizes from Scherrer equation of all observed peaks 

(Fig. 2b). The biggest size (14 nm) is observed for the coating with the lowest Al and Y 

content, while a slight decrease (from 7 nm to 5 nm) is observed in parallel to the Al 

and Y increase.  

Figure 3 displays representative cross-section SEM images of the CrAlYN films 

of the two sets. The film microstructure is characterized by a dense and columnar 

morphology, with column width in the order of 10nm. The films Al(16)Y(3.4) and 

Al(25)Y(2.6) deposited on silicon were selected from each set to be further studied by  

X-TEM. HRTEM images (Fig. 4 and Fig. 5 respectively) show the crystalline character 

of the columns with a measured width between 6 and 12 nn. The measured d-spacing’s 

lattice fringes can be assigned to the {200}, {220} and {111} family planes of the fcc-

CrAlN phase. The digital diffraction pattern (DDP) obtained from Fig. 4, shows the 

polycrystalline character of this coating, in agreement with XRD results. Moreover, it is 

observed a certain preferential orientation of the crystallites of the (200) and (111) 

planes along the growing direction. In Fig 5, the quasi-coherent growth of the columns 

is clearly noticed and confirmed by the different DDP’s calculated in the square areas 

marked along the column. The indexed DDP corresponds to a Cr(Al)N crystal oriented 

along the [100] zone axis. A slight disorientation of the (200) plane is observed to occur 

as the columns grow up.  

The hardness of samples (see table 1) ranges between 23 to 30 GPa, values that 

are similar to previously reported [25-26]. The highest values are obtained for 

Al(16)Y(3.4), Al(25)Y(5.7) coatings, but there is not a clear relationship with  the 

composition, crystal size or texturing, as observed by Martinez et al. [36], who reported 

nanohardnes values of 10-12 GPa for (111) CrN textured films while 18.5 or even 28 

GPa for (200) CrN one.   

 

Oxidation resistance and thermal stability 

The coatings deposited on M2 steel were annealed at 1000 ºC in air during 2 h to 

study their oxidation resistance and thermal stability. Fig. 6 shows the aspect of all 

samples after thermal annealing. The samples Al(16)Y(1.2), Al(16)Y(3.4) and 

Al(25)Y(2.6) present the best appearance, while coatings with the highest Y content 

from both sets look oxidized and partially peeled off.  
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The XRD diffractograms measured after the thermal annealing in air are shown in 

Fig. 7. For samples from set I (Al16 at.%) with 1.2 and 3.4 at.% Y, the strongest peaks 

are assigned to the fcc-Cr(Al)N phase indicating a good oxidation resistance and 

thermal stability at this temperature. The presence of less intense peaks laying between 

the diffraction peaks of -Cr2O3 and -Al2O3 points to the formation of a -(Cr,Al)2O3 

mixed oxide scale. Some small peaks attributed to Al2O3 and Fe2O3 phases are also 

observed for the lowest Y content [Al(16)Y(1.2)]. The presence of iron oxides is signal 

of the iron diffusion from the substrate. For the sample of set I with the highest Y 

content (4.6 at.%) a higher degree of oxidation is concluded from the appreciable 

increase in the peaks corresponding to oxide phases. A similar behaviour has been 

described previously for an excess of yttrium [30]. The XRD pattern of the sample of 

the set II with the lowest Y content [Al(25)Y(2.6)] presents a strong peak at 44.5º, 

laying between fcc-CrN and Cr-Fe phases, together with peaks attributable to a hcp-AlN 

phase. These corrosion products demonstrate the decomposition of the fcc-CrAlYN in 

fcc-Cr and hcp-AlN concomitantly with the iron diffusion from the substrate. Similarly 

to the first set, no evidences of crystalline forms of yttrium-derived phases are observed 

at this point. However, for the highest Y contents from both sets (4.6 and 5.7 at.%, 

respectively) yttrium-containing phases (Y2O3 and Al5O12Y3 and AlYO3) could be 

identified. Other dominant peaks for the annealed Al(25)Y(5.7) sample correspond to 

the -(Cr,Al)2O3 mixed oxide. The presence of hcp-Cr2N phase cannot be discarded. As 

a general conclusion increasing the Y content above 5 at.% for the set II, containing the 

highest Al content in the film composition, has determined the overall oxidation of the 

coating. These results are in agreement with the previous published works when 

increasing the RE content [27, 29]. An excess of the RE has a detrimental effect by 

increasing the oxidation rate. This negative effect produced by this “overdoping” is 

probably due to an increase of oxygen diffusion through the vacancies in the formed RE 

oxides [38]. The XRD results demonstrated that coatings with Al content ~ 16 at.% (set 

I) were stable after annealing at 1000ºC in air while those with Al content ~ 25 at.% (set 

II) were partially decomposed [Al(25)Y(2.6)] or even completely oxidized 

[Al(25)Y(5.7)].  

Fig. 8 depicts the depth profiling chemical spectra obtained by GD-OES for the 

coatings of set I after annealing at 1000ºC for 2h. Likewise, Figs. 9a and 9b plot the 

GD-OES results for the coating Al(25)Y(2.6), from [set II], obtained after heating at 
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1000 ºC for 2 h and 900 ºC for 9h, respectively. For all samples, except Al(16)Y(4.6), 

the oxygen signal is essentially limited to a superficial region in the range of 0.5 to 1 

µm, and no noticeable inwards diffusion is observed beyond, indicating a good 

oxidation resistance. Under the oxide scale Al, Cr and N contents remain almost 

constant however for Al(16)Y(4.6) sample the oxygen penetrates deeply in the coating 

and the N amount decreases abruptly. At this content, the inward oxygen penetration 

becomes the dominant mechanism leading to substantial CrAlN decomposition and 

oxidation processes. Additionally, for the samples containing the lowest yttrium 

contents, the Cr and Al profiles present sharp peaks at the oxide-film interface pointing 

out to Cr and Al out-diffusion processes. The Cr peak is found more external than Al as 

a consequence of the higher mobility of Cr ions during diffusion processes [39]. 

Nevertheless, at higher Y contents, the mobility of Cr ions is reduced in respect of Al 

according to the RE effect [26,30], favouring an enrichment of the oxide scale in Al. 

Regarding yttrium, their profiles appear fairly constant until the scale interface where 

decreases followed by a maximum inside the oxide scale. Comparatively, the samples 

with the lowest Y content, Al(16)Y(1.2) and Al(25)Y(2.6) (cf. Figs. 8a and 9a) exhibit 

iron profiles that indicate an outward iron diffusion from the substrate. Iron profiles are 

just blocked at the interface with the oxide scale and diminish towards the surface. 

However, the relevance of the iron out-diffusion decreases with the Y content, as 

previously reported in multilayered CrAlYN coating [26]. The best result is obtained for 

the intermediate value of 3.4 at.% of Y (cf. Fig. 8b) as an additional increment enhances 

the oxygen inward penetration favouring a faster oxidation and thicker scale (Fig. 8c). 

These results are in agreement with the XRD results, where iron oxides phases were 

only observed for Al(16)Y(1.2). The influence of the temperature in the ion diffusion 

processes is clearly demonstrated in Fig. 9 for the Al(25)Y(2.6) [set II] sample. The 

GD-OES of this sample heated at 900 ºC for 9h revealed that it is still stable at this 

temperature. No cation diffusion is yet observed, neither from the coating nor the steel. 

Fig. 10 shows the Raman spectra for the coatings of set I and II after oxidation at 

1000 ºC ordered by increasing Al and Y contents. At a first sight it is obvious that the 

samples exhibiting less transformation are Al(16)Y(3.4) and Al(25)Y(2.6), which 

correspond to the samples less oxidized as stated by XRD and GD-OES. The remaining 

samples display different peaks that can be assigned to different chromium, aluminium 

and yttrium oxides. Thus, the characteristic peaks of Cr2O3 phase at approximately 350 

and 565-585 cm
-1

 are often present [9,40,41]. The broad band centred around 700-730 
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cm
-1

 can be attributed to mixed chromium-aluminium oxides (AlxCr2-xO3) whose 

maximum shifts toward higher values as Al content increases [9]. A small shoulder at 

669 cm
-1

 in the sample Al(16)Y(1.2) can be also assigned to CrO2 phase [42].These 

Raman features correlates with an enrichment in Al2O3 with respect to chromium oxides 

(CrO2 and Cr2O3) in the scale. The peaks appearing at wavenumber values higher than 

800 cm
-1

 should be related to new oxide phases that might include yttrium in their 

composition as they are detected in the samples exhibiting the highest Y content from 

set I and II.  

The coating Al(16)Y(4.6) displays a band at 823 cm
-1

 overlapping the AlxCr2-xO3 

region and a narrower peak at 946 cm
-1

. The first has also been observed in 

polycrystalline Cr2O3 sample while the second correlates with Cr(VI)-O terminating 

structures giving rise to strong lines in the 800-1000 cm
-1

 region [40]. The formation of 

Y-Al mixed oxide perovskite (YAP) is also plausible in this region as YAlO3 exhibits 

active Raman modes at wavenumbers above 900 cm
-1 

[43]. This feature is congruent 

with XRD analysis revealing peaks of AlO and AlYO3 for this sample. The coating 

Al(25)Y(5.7) shows intense peaks at 262, 376, 838 and 893 cm
-1

. Yttrium sesquioxide 

(Y2O3) presents a very intense line at 376 cm
-1

 due to Ag mode [44] and Y-Al garnet 

(YAG) single crystal reveals also strong bands at 257 and ≈370 cm
-1

 [45] that could 

correspond satisfactorily to those observed in this case. This assignment is consistent 

with the XRD analysis for this sample where YCrO3, Y2O3 and Al5O12Y3 could be 

identified. The Cr-O-Cr bending frequencies are situated around 880 cm
-1 

in the Cr(VI) 

oxide species as suggested earlier. In addition, the Cr2O5 and Cr8O21 phases display 

strong Raman modes at 880 and 889 cm
-1

, respectively,  that can account for the strong 

peak at 893 cm
-1

[40]. A summary of the oxide products determined by Raman analysis 

of the annealed samples is displayed in Table 2. 

A deeper characterization of the samples displaying the best oxidation behaviour 

was done using STEM, X-EDS and EELS techniques with high lateral resolution in 

order to determine the location of yttrium and the phases formed. This would provide 

additional information about the oxidation mechanism and the RE effect of yttrium. Fig. 

11a shows a general TEM image of Al(16)Y(3.4) heated sample, where two regions are 

well distinguished: a surface layer of 250-350 nm and a thick layer beneath of 4 µm 

that maintains the columnar nanostructure. Some bright grains observed in the top oxide 

layer and the scale/film interface correspond to holes formed during oxidation. A 

HAADF/STEM image of the topmost surface is presented in Fig. 11b, where features 
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with different contrast appear embedded in a matrix (dark areas correspond to phases 

with lower Z or thickness). The quantitative analysis of the X-EDS measured in the 

matrix (spectrum from point 1) is consistent with the formation of (Cr,Al)2O3 phase with 

Cr/Al ratio ≈ 1. The X-EDS measured in the brightest grains (point 2) and in the oxide 

grain boundaries (marked as *) show the presence of Mo, W, and Y. These results 

indicate that the substrate elements diffuse along coating and reach the surface. Besides, 

Y diffuses to the scale, segregating to the oxide grains boundaries and forming metal 

oxides grains. The darkest areas that appear in the scale correspond to holes and voids, 

also previously commented in the TEM image (Fig. 11a), which are produced by 

arranging of vacancies, defect annihilations, grain growth and element diffusion during 

thermal annealing, [46]. Aluminium and yttrium enrichment is detected at the 

scale/coating interface (see the X-EDS elemental map obtained from the marked area 

shown in Fig. 11c). On one hand, yttrium appears segregated forming grains at the 

interface what helps to improve the scale adhesion (by preventing fast growth of voids) 

and block iron out diffusion as highlighted in the literature and previous works [26,34].  

On the other hand, aluminium seems to form a very thin aluminium oxide layer, which 

makes more difficult the oxygen diffusion towards the film, preventing the progress of 

the oxidation [13]. These experimental observations of yttrium segregation support the 

dynamic-segregation theory to explain the RE effect previously reported in metal and 

alloys [34]. The segregation of yttrium ions at the scale grain boundaries inhibits the 

further outward diffusion of chromium and aluminium due to its larger size, and the 

inward diffusion of oxygen. Macroscopically, since the diffusion rate of anions is 

slower than that of cations, a reduction in the oxide scale growth rate is achieved.  

Fig. 12 exhibits a HAADF- STEM image and X-EDS elemental maps taken from 

the inside of this coating. The quantitative analysis obtained from point 1 is congruent 

with the initial composition (Al 16 at.%) and the N, Cr and Al elements appear 

homogeneously distributed inside the coating. Iron and yttrium appear dispersed mainly 

along the column boundaries. Upon heating the iron atoms diffuse upwards from the 

substrate along the column boundaries and yttrium released from the CrAlYN columns 

contributes to interrupt this motion, by filling these pathways.  

A general TEM image of the Al(25)Y(2.6) coating after heating at 1000 ºC is 

presented in Fig. 13a. The thickness of the oxide scale is found to be approximately 200 

nm (see detailed HAAFD/STEM picture in Fig. 13b) and its quantitative elemental 

composition is in agreement with the formation of (Al1.2Cr0.8)O3 phase (X-EDS 
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spectrum is shown in Fig 13c). The scale/coating interface has a higher content of 

aluminium, as denoted by the dark contrast in the image (cf. point 2 in Fig. 13b) and 

confirmed by the X-EDS spectra (Fig. 13d). This is consistent with the Al peak 

determined by GD-OES at approximately 250 nm and the formation of an aluminium 

rich oxide layer in the interface, as observed in Al(16)Y(3.4) coating. Molecular 

nitrogen has also been detected in the marked area (see the EELS spectrum of Fig. 13e) 

[46]. The formation of nitrogen bubbles results from the release of nitrogen atoms from 

the fcc-CrAlN transformation during annealing, which nucleate when they are 

eventually blocked at the scale interface. Underneath the scale, the HAADF-STEM or 

Z-contrast analysis puts in evidence the presence of phases with different composition. 

The X-EDS elemental maps shown in Fig. 14a obtained from the marked area 

corroborate the presence of Cr, Fe Mo, W and Y in the bright areas, and N with Al in 

the dark ones. The analysis of the HRTEM image depicted in Fig. 14b demonstrates the 

formation of hcp-AlN crystalline phase, as confirmed by indexing the DDP obtained 

from the square area. The amorphous regions correspond to a mixture of Cr, Fe, Y, W 

and Mo elements originated by the film and substrate during thermal treatment. The 

presence of fcc-CrAlN phase was detected by EELS in several points of the film as 

depicted in Fig 14c. The recorded N-K and Al-K edges present the characteristic 

signatures of the cubic CrAlN phase [47]. These results show that this coating has 

suffered a chemical transformation during the heating treatment. At temperatures 

superior to 900ºC, fcc-CrAlN phase experiments the partial transformation to fcc-Cr and 

hcp-AlN. The strong affinity of Cr to Fe and the rest of metals favoured the formation 

of intermetallic alloy including the rest of elements (Y, Mo and W).  

 

Summary and conclusions 

 

The experimental results shown in this paper proved the importance of the Al and 

Y (presence and content) on the oxidation mechanism and thermal stability of CrAlYN 

protective coatings heated at 1000 ºC in air deposited on M2 steels. The CrAlYN 

sample from set I with Al (~16 at.%) and Y (~ 3 at.%) demonstrated the best 

performance. Lower Y contents led to outwards diffusion of Fe to the surface while 

higher amount produced almost complete oxidation of the film. The set II prepared with 

higher Al content (~ 25 at.%) resulted to be more unstable showing higher degree of 
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fcc-CrAlN decomposition and oxidation. The sample incorporating Y ~3 at.% exhibited 

a good oxidation resistance but the initial fcc-CrAlN phase was partially decomposed to 

fcc-Cr and hcp-AlN. Higher Y enrichment (~ 5 at.%) induced a total oxidation.  

The use of advanced TEM techniques, has allowed to shed light about the Y role 

and oxidation mechanism: 

 FILM: Y diffused to the column boundaries, hindering the iron migration from 

the substrate. A critical Y amount (depending on Al content) is needed to avoid 

that iron reaches the surface.   

 FILM/SCALE interface: Segregation of small Y-rich grains has been observed 

in the interface. These precipitates contribute together with the presence of a thin 

Al-rich mixed oxide to block the out-diffusion of iron and the oxygen inward 

penetration, decreasing the degradation of the film.  

 SCALE: When the interface is saturated, yttrium atoms also diffuse to the oxide 

scale and segregate at the grain boundaries as expected by the RE effect. This 

segregation inhibits the cations transport, mainly Cr, favoring the Al-enrichment 

of the oxide scale that passivates the surface. Under an adequate yttrium 

concentration the oxidation kinetics is retarded but over a critical RE content the 

oxygen diffusion is accelerated. This negative “overdoping” effect is probably 

due to a faster oxygen transport through the mixed yttrium oxides (Y2O3 and 

Al5O12Y3 and AlYO3) formed in the scale.  
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FIGURE CAPTIONS 

Fig. 1. XRD diffractograms of the as prepared CrAlYN coatings deposited on M2 steel 

in θ-2θ geometry. JCPDS card number: CrN (PDF #76-2494).  

Fig. 2. (a) Textural parameters (Thkl) and (b) average crystal size calculated for all the 

coatings.  

Fig. 3. SEM cross section views of coatings: Al(16)Y(1.2), Al(16)Y(3.4), Al(25)Y(2.6), 

and Al(25)Y(5.7). 

Fig. 4. (a) HRTEM image of sample Al(16)Y(3.4) (set I). Insets: DDP obtained from all 

image (b) and from the marked area (top corner). The planes (111), (020) and (002) are 

indicated in the same figure. 

Fig. 5. HRTEM image of sample Al(25)Y(2.6) (set II) and DDP´s obtained from the 

marked areas (1,2,3 and 4). The columnar growth direction is indicated by an arrow. 

Fig. 6. A picture of the aspects of coated M2 steels after oxidation in air at 1000ºC.  

Fig. 7. XRD diffractograms of the CrAlYN coatings after oxidation in air at 1000 ºC 

measured in θ-2θ geometry. JCPDS cards numbers: Y2O3 (PDF #1-79-1256); Al5O12Y3 

(PDF #1-75-1853); Cr2N (PDF #35-803); FeCr2O4 (PDF #34-140); (Cr,Fe)23C6 (PDF 

#1-78-1501); hcp-AlN (PDF #1-79-2497); AlO (PDF #1-75-278); AlYO3 (PDF #33-

41); CrN (PDF #76-2494); Fe2O3 (PDF #1-84-307); Cr2O3 (PDF #38-1479); Fe-Cr 

(PDF #34-396); Al2O3 (PDF #1-71-1684); Al2O3-b (PDF #1-77-2135).  

Fig 8. GD-OES spectra of the coatings from set I heated at 1000 ºC in air.  

Fig 9. GD-OES spectra of the heated coating Al(25)Y(2.6) (set II) at 1000 ºC  and  900 

ºC.  

Fig 10. Raman spectra of annealed CrAlYN coatings at 1000 ºC in air. 

Fig. 11. (a) General TEM image of heated Al(16)Y(3.4) sample. (b) HAADF-STEM 

image of the scale and X-EDS spectra measured in point 1 and 2. (c) High magnified 

HAADF-STEM image of the scale/coating interface and X-EDS elemental maps 

obtained from the marked area.   
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Fig. 12. HAADF-STEM image of an inner region of the heated Al(16)Y(3.4) sample. 

X-EDS spectrum measured inside a column (point 1) and chemical elemental maps 

obtained from the marked area.   

Fig.13. (a) TEM image of sample Al(25)Y(2.6) heated at 1000ºC. (b) High 

magnification HAADF-STEM image from the scale. (c and d) X-EDS spectra measured 

in point 1 and 2 respectively and (e) EELS spectra obtained from point 2.  

Fig. 14. (a) HAADF-STEM image of an inner region of the Al(25)Y(2.6) sample and  

X-EDS elemental maps obtained from the marked area. (b) HRTEM image and indexed 

DDP obtained from the marked square. (c)  EELS spectra, N-K, Cr-L2,3 and Al-K edges, 

measured inside the coating. 

 



Graphical Abstract (for review)



Highlights  

 Y atoms diffuse and segregate at the scale grain boundaries and interface (RE 

effect). 

 Y diffused to the column boundaries hindering the Fe migration from the 

substrate.  

 CrAl (16%)Y(3%)N presents good oxidation resistance and stability at 

1000ºC/2h 

 Al (25 %) shows higher degree of fcc-CrAlN decomposition and oxidation (Y>3 

at.%) 

 Excess of Y favors oxygen inward penetration through Y2O3 and Al5O12Y3 and 

AlYO3 

 

*Highlights (for review)



Table 1. Synthesis conditions of the two set of CrAlYN coatings prepared by magnetron sputtering: target materials and power applied, elemental 

chemical composition obtained by EPMA, and mechanical properties. 

 

Sample Targets P (W) 
Chemical composition (at.%) 

H (GPa) E (GPa) 
N Al Cr Y 

Set I 

Al(16)Y(1.2) 
AlCr20 3000 

54.7 17 27.1 1.2 23.9 4.2 436 8 
Y 500 

Al(16)Y(3.4) 
AlCr20 3000 

55.5 15.3 25.8 3.4 29.95.5 558 13 
Y 750 

Al(16)Y(4.6) 
AlCr20 3000 

53.9 15.5 25.9 4.6 28.45.2 546 21 
Y  1000 

Set II 

Al(25)Y(2.6) 
AlCr10 3000 

54.4 24.9 18.1 2.6 27.34.6 522  21 
Y 750 

Al(25)Y(5.7) 
AlCr10 3000 

54.1 24 16.2 5.7 30.4  6.2 573 19 
Y 1000 

Table 1



Table 2. Summary of the Raman analysis of the AlCrYN coatings after oxidation in air at 1000ºC. 

 

Compound Raman bands (cm-1) Reference Coating 

Cr2O3 ≈350 565-585 9,40,41 
Al(16)Y(1.2)│Al(16)Y(3.4) 
Al(16)Y(4.6)│Al(25)Y(5.7) 

AlxCr2-xO3 Broad band (700-730) 9 Al(16)Y(1.2)│Al(16)Y(4.6)│Al(25)Y(5.7) 
CrO2 669 42 Al(16)Y(1.2) 
Cr(VI)-O 880 946 40 Al(16)Y(4.6)│Al(25)Y(5.7) 
Cr2O5 880 40 Al(25)Y(5.7) 
Cr8O21 889 40 Al(25)Y(5.7) 
YAlO3 (YAP) >900 43 Al(25)Y(5.7) 
Y3Al5O12 (YAG) 257 370 45 Al(25)Y(5.7) 
Y2O3 376 44 Al(25)Y(5.7) 

Table 2
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