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Abstract 

Ti1-xAlxN hard coatings deposited by chemical vapor deposition (CVD) have attracted much 

attention recently due to their extraordinary nanolamellar microstructure and outstanding 

performance observed in metal cutting operations. Several published reports suggest further that 

CVD-Ti1-xAlxN exhibits an increased thermal stability and high temperature oxidation resistance 

when compared to state-of-the-art physical vapor deposited Ti1-xAlxN. However, the exact 

mechanisms underlying the oxidation of this coating system are not thoroughly understood yet. 

Thus within this work, the thermal stability and oxidation resistance of a powdered nanolamellar 

CVD-Ti1-xAlxN coating have been investigated at the synchrotron radiation facility applying a 

novel in-situ experimental approach. The sample was annealed in air between 100 and 1400 °C and 

2D X-ray diffraction patterns were recorded simultaneously with the differential scanning 

calorimetric signal. The obtained diffraction data was successively analyzed using sequential 

Rietveld refinement, yielding the temperature-dependent phase composition. By combining this 
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method with the differential scanning calorimetric data, it was possible to precisely track the onset 

and progress of chemical reactions. The results show that the different phases present in the sample 

oxidize individually, with the oxidation stability strongly depending on the Al-content. Further it 

was found that when Ti1-xAlxN spinodally decomposes in air, the formed TiN oxidizes directly 

after its formation while AlN retains its chemical stability. The present work provides not only a 

detailed insight into the thermal stability and oxidation resistance of CVD-Ti1-xAlxN but also 

proves the outstanding ability of the used method for analyzing metastable coatings systems.  

1. Introduction 

Chemical vapor deposited (CVD) Ti1-xAlxN is an emerging coating material which has been the 

subject of intense research in the recent years as a possibly superior alternative to its well-

established physical vapor deposited (PVD) counterpart. This is mainly due to the fact that in 

contrast to PVD-Ti1-xAlxN, CVD-Ti1-xAlxN shows a remarkable microstructure consisting of 

alternating lamellae with differing chemical compositions. This lamellar structure typically 

comprises Al-rich face centered cubic (fcc) or hexagonal wurtzitic (w) regions, also referred to as 

Al(Ti)N, periodically stacked with Ti(Al)N, i.e. fcc Ti-rich domains. Typically Al contents of x ≳ 

0.8 and x ≈ 0.5 for Al(Ti)N and Ti(Al)N, respectively, are observed [1–4]. Reported values for the 

periodicity of these lamellae range from only a few nm [4,5] to more than 10 nm [1,2,6,7]. Up to 

now however, the origin of the lamellae is not clear but investigations on their origin as well as on 

their influence on phase stability are continuously published [3–6,8,9]. Basically, two different 

possible explanations for the formation of the remarkable microstructure are discussed: i) 

periodically alternating chemical reactions during deposition [1,6], as have similarly been observed 

for other CVD coating systems [10] and ii) spinodal decomposition [5].  

While up to date no satisfying consensus has been found on how the lamellae are formed, published 

work widely agrees on the more beneficial properties of CVD-Ti1-xAlxN compared to PVD-Ti1-
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xAlxN. Paseuth et al. [8] for instance, have found that CVD-Ti1-xAlxN with x ≈ 0.8 has a ten times 

improved lifetime during dry milling of cast iron compared to PVD-Ti1-xAlxN with x ≈ 0.6. Also, 

the onset temperature for the hardness decrease after annealing was higher in the CVD case. Several 

other publications show further, that the thermal stability of CVD-Ti1-xAlxN is considerably 

increased compared to PVD-Ti1-xAlxN [5,9,11]. Similarly, the publication of Todt et al. [12] 

suggests that the oxidation resistance of CVD-Ti1-xAlxN coatings is also improved. In their work 

severe oxidation occurred at temperatures exceeding 1050 °C for the CVD coating compared to 

900 °C in the PVD case. They mostly assign this effect to be a result of a dense oxide layer formed 

due to the increased amount of Al available. While in their case the CVD coating was comprised 

of fcc and wurtzitic Ti1-xAlxN nanolamellae, Endler et al. [11] investigated Ti0.1Al0.9N and 

Ti0.18Al0.82N coatings which were almost exclusively fcc. They observed that these coatings retain 

a high oxidation resistance up to 900 °C. Additionally, no spinodal decomposition occurred in 

vacuum below 1200 °C for the coating with x = 0.82. However, in this case the coating was not 

specifically identified as nanolamellar.  

Although several reports on the high temperature behavior of CVD-Ti1-xAlxN exist, the exact 

processes taking place in the coating at elevated temperatures and the influence of the lamellar 

microstructure on the oxidation resistance remain unclear. Therefore, we have employed a new 

experimental approach at the P07 beamline at PETRA III in Hamburg to assess the thermal stability 

and oxidation resistance of a CVD-Ti1-xAlxN coating. We have annealed a powdered coating in air 

between 100 and 1400 °C in a differential scanning calorimeter (DSC) setup, where the 

development of the crystallographic phases was monitored in-situ by X-ray diffraction (XRD). We 

have used the obtained temperature-dependent diffractograms for a sequential Rietveld analysis 

which allowed to quantitatively determine the temperature-dependent phase composition as well 

as lattice parameters, and correlate them with the exothermal reactions observed in the DSC signal. 
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The combination of DSC and XRD with a subsequent Rietveld refinement has to the best of our 

knowledge not been used for the investigation of the oxidation resistance of hard coatings so far. 

Therefore, the present work not only provides a detailed insight into the high temperature behavior 

of CVD-Ti1-xAlxN, but also demonstrates the exceptional capability of the used method for the 

analysis of the thermal behavior of metastable coating systems in general.  

2. Experimental 

The Ti1-xAlxN coating investigated in this work was deposited in an industrial scale thermal CVD 

reactor Sucotec SCT600TH. The deposition temperature was 790 °C with a total gas flow of 

101 l/min resulting in an overall pressure of 4.5 kPa. As chemical precursors TiCl4, AlCl3, NH3, 

H2, N2 and Ar were used, with a ratio of the chloridic precursors AlCl3:TiCl4 of 6.1:1. The thickness 

of the Ti1-xAlxN coating was ~3.7 µm with an underlying TiN baselayer having a thickness of 

approximately 200 nm. Cemented carbide as well as mild steel foil were used as substrates. The 

composition of the cemented carbide was 92 wt.-% WC, 6 wt.-% Co and 2 wt.-% mixed carbides 

and the substrate geometry was SNUN according to ISO 1832. In order to obtain a powder of the 

coating material, the coated steel foil was dissolved after deposition using nitric acid.  

The coating deposited onto cemented carbide was analyzed at room temperature on a laboratory 

X-ray diffractometer Bruker D8 Advance in grazing incidence geometry. The used Cu-Kα radiation 

was collimated by a Göbel mirror and projected onto the sample at a constant incidence angle of 

2°. The step-size of the performed 2θ-scan was 0.02° with a measurement time of 1.2 s per step, 

resulting in an overall scan speed of 1 °/min.  

The in-situ DSC experiment coupled with synchrotron radiation XRD was carried out at the high 

energy materials science beamline P07 operated by the Helmholtz-Zentrum Geesthacht at the 

PETRA III synchrotron in Hamburg, Germany [13]. The DSC measurement was performed using 
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the DSC extension of the dilatometer DIL805A/D available at the synchrotron radiation beamline 

using two Pt-crucibles, as can be seen in Fig. 1 [14,15]. The powdered coating was placed in one 

crucible while the second, empty crucible was used as reference. The two crucibles were then 

subjected to a heating sequence in air, starting from 100 °C with a heating rate of 10 K/min up to 

1400 °C. The baseline for subsequent subtraction was obtained by performing the heating cycle a 

second time with the already reacted powder under the assumption that no further chemical 

reactions take place. The energy of the X-ray beam was 87 keV, which results in a wavelength of 

0.14235 Å and the sample was measured in transmission (Debye-Scherrer geometry). During the 

first heating cycle from 100 to 1400 °C, every ~2.1 K a frame was recorded using a 2D digital X-

ray detector Perkin Elmer XRD 1621 positioned at a distance of approximately 1.9 m from the 

sample, resulting in 624 frames in total. The exposure time per frame was 5 s.  

 

Figure 1: Experimental setup used for the in-situ DSC/XRD experiment at the synchrotron 

beamline. 

The calibration and azimuthal integration of the obtained Debye-Scherrer rings to 1D 

diffractograms was conducted using the program Dawn2 [16]. The quantitative Rietveld 

refinement [17] of the subsequently obtained data was performed using the software TOPAS 6 
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supplied by Bruker. A semi-empirical fundamental parameter approach was employed with a LaB6 

powder (NIST 660c [18]) used for the determination and correction of the instrumental peak 

broadening. A sequential analysis was performed, where the results (modelled intensities, lattice 

parameters, …) obtained at one temperature were used as the initial parameters for the refinement 

at the next higher temperature step, and so on. The general criterion of convergence was a change 

of the R-weighted pattern (Rwp) value of less than 0.001 within one iteration step. A satisfying 

difference curve between collected data and model was used as the measure for a good fit. The 

crystallographic information files (cif) used for the modelling of the different phases were obtained 

from the Crystallography Open Database (COD) [19], see table 1.  

Table1: Number code of the cif-entries in the COD used for modelling the different compounds 

during Rietveld refinement. 

compound COD-code 

Al(Ti)N 1523095 

Ti(Al)N 1011099 

TiN baselayer 1011099 

w-AlN 1010514 

r-TiO2 9004141 

α-Al2O3 1000017 

Al2TiO5 2107079 

 

3. Results and discussion 

X-ray diffractograms of the coating on cemented carbide and after powder production were 

recorded at room temperature to validate a possibly nanolamellar microstructure of the investigated 

CVD-Ti1-xAlxN coating and to confirm that the microstructure is not altered during powdering. 

Both obtained X-ray diffractograms are compared in Fig. 2. Since the powder and the compact 

coating were measured with different photon energies (synchrotron 87 keV and laboratory 

radiation 8.04 keV), the d-spacing was chosen for the x-axis instead of the commonly used 
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diffraction angle to provide a better means of comparison. As can be seen, the coating is mainly 

comprised of three fcc phases for which the hkl-indices of the observed reflections are indicated in 

the figure. The peaks generally exhibiting the highest intensities in both diffractograms can be 

assigned to Al-rich Al(Ti)N, as their positions lie comparatively close to the standard peak 

positions of fcc-AlN (ICDD pdf-Nr. 00-046-1200). On the left hand sight of these peaks, an 

additional accompanying signal basically representing a “shoulder” can be observed. This stems 

from the Ti-rich Ti(Al)N and is best visible in the diffractograms of the compact coating. The third 

pronounced signal of an fcc phase can be recognized in the powdered sample only. The peak 

positions are essentially located at the standard positions of TiN (ICDD pdf-Nr. 00-038-1420) and 

result from the TiN baselayer. Since the baselayer is underlying the Ti1-xAlxN top layer in case of 

the compact coating on cemented carbide, its signal is almost undetectable there. Furthermore, 

some minor amounts of w-AlN (ICDD pdf-Nr. 00-025-1133) are present in the coating. A 

quantitative Rietveld analysis of the data acquired for the powder before any chemical reactions or 

spinodal decomposition have taken place, i.e. averaged compositions obtained below 500 °C, 

yielded a phase composition of approximately 58 wt.-% Al(Ti)N, 28 wt.-% Ti(Al)N, 12 wt.-% TiN 

as well as minor wurtzitic amounts ≲ 2 wt.-%. Other peaks present either belong to the cemented 

carbide substrate in the case of the compact coating on cemented carbide or to the Pt-crucible used 

to contain the powder during the DSC measurement at P07. However, as they do not have any 

significance for the evaluation they were ignored during the subsequent quantitative phase analysis. 

Additional observable low-intensity peaks in the synchrotron radiation case, as for instance at 4.1 

Å, stem from higher order reflections resulting from the single crystalline Si monochromators.  

The diffractograms presented in Fig. 2 correspond well with published diffractograms for 

nanolamellar CVD-Ti1-xAlxN coatings [2,4]. In order to further confirm the nanolamellar 

microstructure, however, the coating deposited on cemented carbide was additionally investigated 
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using transmission electron microscopy. There indeed, nanolamellae could be observed in the 

bright field image. Moreover, Ti0.2Al0.8N deposited with the same deposition parameters were 

investigated already for which also a nanolamellar structure was found [4]. It is evident from Fig. 

2 that the phases present are the same in the coating deposited on cemented carbide and in the 

powdered case. Hence it can be concluded, that the powder investigated at the synchrotron will 

behave in a similar way to a compact coating.  

 

Figure 2: Room temperature X-ray diffractograms of the powder acquired at the synchrotron 

radiation facility and the compact coating on cemented carbide (CC) recorded using a laboratory 

diffractometer in grazing incidence geometry (incidence angle 2°).  

In addition to the phase composition, a Rietveld analysis provides the lattice parameter of the 

refined phases, which are approximately 4.09 and 4.17 Å for Al(Ti)N and Ti(Al)N, respectively, 

at room temperature. According to ref. [6] these lattice parameters correspond to compositions of 

Ti0.1Al0.9N and Ti0.5Al0.5N. These compositions are in good agreement with reported ones for the 

Al-rich and Ti-rich fcc lamellae [4–6,20].  
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Figure 3: XRD-phase plot acquired by integrating the 2D XRD data obtained during the in-situ 

synchrotron radiation experiment and DSC signal (baseline subtracted). The positions of the Bragg-

reflections of the different phases are indicated by vertical lines at the top and bottom of the phase 

plot. 

In order to obtain data suitable for Rietveld analysis, i.e. 1D diffractograms similar to the ones 

presented in Fig. 2, the 2D Debye-Scherrer rings acquired at P07 for all temperatures were 

azimuthally integrated over the complete angular range, i.e. from 0 to 360°. The results of the 

integration are presented in Fig. 3 in the shape of a 2D contour plot, i.e. intensity over diffraction 

angle and temperature, usually referred to as phase plot, along with the obtained DSC signal on the 

right. The phase plot can be divided into four distinct temperature zones with different phases 

present. The borders between these zones are indicated by horizontal, dashed lines and are 

characterized by the appearance of new phases. As can be noticed, these lines correspond to peaks 

in the DSC signal, i.e. the occurrence of exothermal reactions. In zone 1 (100 °C – 600 °C), mainly 
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two fcc phases are visible which are related to the signals of the Al(Ti)N and the TiN baselayer. 

The Ti(Al)N can only be recognized as an indistinct intensity between those of the other two 

phases. A slight shift of the signals to lower angles with increasing temperature is observable in 

the whole temperature range. Since lower diffraction angles correspond to increased lattice 

parameters this can be attributed to the thermal expansion of the lattices. At approximately 600 °C 

a first chemical reaction characterized by the disappearance of the TiN signal and the appearance 

of rutile titania (r-TiO2) marks the border to zone 2. A comparatively small exothermal peak in the 

DSC signal is also detectable in the same temperature range. This border can be allocated to the 

oxidation of the TiN baselayer. At the same time, however, the phases including Al, namely 

Al(Ti)N and Ti(Al)N retain their chemical stability.  

Upon further increasing the temperature to values above approximately 900 °C (border to zone 3) 

α-alumina (α-Al2O3) is formed while Al(Ti)N vanishes together with the weak signal of Ti(Al)N. 

Simultaneously, the intensity of r-TiO2 is increased. Also, a strong exothermal signal occurs 

together with this change of the present phases in the DSC. These observations can be connected 

to the oxidation of the Ti1-xAlxN coating. At a temperature of ~1275 °C (border to zone 4) 

aluminum titanate (Al2TiO5) forms at the cost of r-TiO2 and α-Al2O3. However, this reaction does 

not take place completely and some r-TiO2 and α-Al2O3 are retained up to 1400 °C.  

In order to more precisely determine the temperature dependence of the chemical reactions and to 

quantify the phases present, a sequential Rietveld refinement was performed for all XRD data 

recorded over the whole investigated temperature range. Figure 4 displays the integrated 

diffractograms and refined models for four different temperatures, representing typical diffraction 

data for each of the four observed temperature zones. The red bottom lines in the graphs show the 

differences between measured and modelled intensities, their visual appearances were used as the 

main criterion for satisfying fits.  



 

 
Page 11 

 

Figure 4: 1D integrated diffractograms obtained during the annealing procedure for temperatures 

of (a) 100 °C, (b) 850 °C, (c) 1000 °C and (d) 1400 °C, representing one typical diffractogram for 

each of the four observed zones. The corresponding models refined by the Rietveld method are 

also shown. Measured data is represented by dots (○) and the modelled intensity and difference 

curves are in orange ( ) and red ( ), respectively. The modelled individual phases are 

Al(Ti)N ( ), Ti(Al)N ( ), TiN baselayer ( ), wurtzitic AlN ( ), r-TiO2 (

), α-Al2O3 ( ) and Al2TiO5 ( ). The signal resulting from the Pt crucible was corrected 

for by two additionally refined peaks at approximately 3.6 and 4.2° (). However, the two 

modelled peaks are not displayed in the figure.  

From the modelled curves in Fig. 4a it is evident that the pronounced fcc “double peaks” observed 

in Figs. 2 and 3 are indeed comprised of three individual phases which correspond to fcc-Al(Ti)N, 

fcc-Ti(Al)N and the TiN baselayer. While the TiN baselayer and Al(Ti)N show sharp Bragg-

reflections, the reflections stemming from Ti(Al)N are considerably broader, which is attributed to 

the domain size effect [21], i.e. a smaller size of coherently diffracting domains of the Ti(Al)N 
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phase. This correlates well with the typically observed reduced lamella thickness of Ti(Al)N when 

compared to Al(Ti)N [1,2,4,4–6,20]. In Fig. 4b the baselayer is completely oxidized and a 

considerable amount of r-TiO2 has formed. Also, the intensity of Ti(Al)N has somewhat decreased. 

Figure 4c shows a completely oxidized coating consisting of r-TiO2 and α-Al2O3. In zone 4 

eventually some of the r-TiO2 and α-Al2O3 has reacted to Al2TiO5 (Fig. 4d). As can be seen, the 

presented figures proof an excellent agreement between model and measurement. 

 

Figure 5: Phase composition obtained by the sequential Rietveld analysis in combination with the 

DSC signal (baseline subtracted) as a function of the temperature. The presented error bars are the 

estimated standard deviations of the weight percentage obtained from TOPAS 6. 

By performing a Rietveld analysis of the X-ray diffractograms acquired during annealing and 

displaying the results as a function of the temperature, one can precisely follow and analyze phase 

transformations and chemical reactions. Figure 5 shows the quantitative phase composition during 

the oxidation cycle of the investigated CVD-Ti1-xAlxN coating obtained from the mentioned 



 

 
Page 13 

Rietveld analysis. Additionally, an animation of the in-situ annealing experiment is available as 

supplementary material online which shows the progress of the experiment and the subsequently 

obtained results. At first glance it becomes obvious that the phases and their amounts strongly vary 

with increasing temperature and three pronounced reactions can be determined. These correspond 

to the borders between the four observed zones, as already discussed. However, in contrast to the 

phase plot presented in Fig. 2, a more detailed insight is gained, especially concerning the onset 

and progress of chemical reactions.  

During annealing between 100 and 550 °C in air, the phase composition essentially remains 

constant. The relatively large error bars especially for Ti(Al)N and Al(Ti)N result from the fact 

that there are three fcc phases present which have strongly overlapping signals (compare Fig. 4a). 

At ~550 °C a first change of the phase composition can be recognized: The amount of TiN starts 

to decrease, while at the same time r-TiO2 is formed. Simultaneously, an exothermal peak in the 

DSC signal can be recognized. This temperature corresponds well with results of other researchers 

who reported an oxidation temperature of pure TiN coatings between 550 and 600 °C [22–24]. 

Therefore, these observations are related to the oxidation of the baselayer. This reaction would, 

however, most probably not occur in a compact sample deposited onto a cemented carbide 

substrate. As the TiN would underlie the Ti1-xAlxN in that case, its oxidation could only start after 

the top layer is completely oxidized eventually allowing the oxygen to reach the base layer. 

A further increase of the temperature is characterized by the oxidation of the baselayer until 

approximately 680 °C. At this point the amount of Ti(Al)N begins to decrease. However, only a 

minor exothermal peak, considerably smaller than the peak observed for the oxidation of the TiN, 

is present in the DSC signal. At the same time, the amount of Al(Ti)N increases somewhat to 65 

wt.-%. This observation can best be apprehended when assessing the temperature-dependent lattice 

parameters of the three fcc phases, shown in Fig. 6. As can be seen, the lattice parameters of the 
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phases aph are influenced by the amount of Al in the fcc TiN-based lattice, since aTiN > aTi(Al)N > 

aAl(Ti)N. Also, aph generally increase with temperature as a result of the thermal expansion of the 

lattices. However, at ~680 °C a sudden increase of aTi(Al)N occurs. This is typical for the spinodal  

 

Figure 6: Lattice parameters of the three observed face centered cubic phases Al(Ti)N, Ti(Al)N 

and the TiN baselayer obtained by Rietveld analysis as a function of the temperature. The presented 

error bars are the estimated standard deviations of the lattice parameter supplied by TOPAS 6. The 

increase in error at the highest temperatures is a result of the fact that when the intensity 

contributions of the individual phases decrease to approximately zero, also their lattice parameters 

become more difficult to refine.  

decomposition observed for metastable fcc-Ti1-xAlxN into fcc-TiN and fcc-AlN [25]. The loss of 

Al in Ti(Al)N due to spinodal decomposition results in an increase of the lattice parameter towards 

the value of TiN [4,26]. The formation of fcc-AlN on the other hand results in an apparent increase 

of the amount of Al(Ti)N. Spinodal decomposition is completed at ~880 °C, above which the 

lattice parameter of Ti(Al)N has reached the approximate value of TiN. Recently, we have 
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investigated the spinodal decomposition of an equivalent coating annealed in vacuum [4]. There, 

we found the onset of spinodal decomposition at temperatures above 900 °C. Also other reports 

indicate that the onset of spinodal decomposition of CVD-Ti1-xAlxN usually occurs at higher 

temperatures than observed in this work [2,5,8]. Consequently, it can be concluded that the present 

oxygen has an influence not only on the chemical stability of the coating (i.e. the formation of 

oxidic reaction products), but also on the phase stability of the Ti-rich fcc phase. This is in good 

agreement with the findings of Endler et al. [11], who also found a higher stability of CVD-Ti1-

xAlxN when annealed in vacuum (1200 °C) compared to air (900 °C). Furthermore, some 

exothermal background is visible above 800 °C in the DSC signal. This, in combination with the 

permanent increase of the amount of r-TiO2 with temperature, indicates that the TiN formed during 

spinodal decomposition oxidizes directly after its formation.  

fcc-AlN is metastable and consequently transforms to stable w-AlN at elevated temperatures [25]. 

The modelled intensity of w-AlN was somewhat difficult to accurately refine during the Rietveld 

analysis because most of its peak positions coincide with those of the fcc phases, except for one 

peak at approximately 3°. Exactly in this region, however, a higher order reflection resulting from 

the Si monochromator is located (see Fig. 4a). Therefore, the error of the amount of w-AlN is 

relatively large, especially between 700 and 800 °C. Above 800 °C its amount shows a slight 

increase with temperature to approximately 3 wt.-% and it can therefore be refined well in this 

region. This indicates that indeed the formed fcc-AlN transforms to w-AlN. Also a small additional 

peak in the DSC signal can be observed between 800 and 900 °C which most probably results from 

this transformation along with a potential recovery of the fcc phases [4,27].  

The exact onset temperature of the oxidation of the Ti(Al)N is hard to determine from Fig. 5 as it 

is superimposed by spinodal decomposition. However, clearly oxidation of this phase takes already 

place at 800 °C which is evidenced by the fact that above this temperature the TiN baselayer has 
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completely reacted, but the amount of r-TiO2 is nevertheless increasing. Al(Ti)N on the other hand 

clearly starts to oxidize at ~850 °C which coincides with the first occurrence of α-Al2O3.  

Apparently, the main peak in the DSC signal positioned between 860 and 1080 °C corresponds to 

the oxidation of the actual Ti1-xAlxN coating. It is comprised of three individual contributions and 

the three observed peaks can be assigned due to the Al-content in the individual phases. Ti(Al)N 

has a lower Al-content compared to Al(Ti)N. Therefore, the first peak is related to the oxidation of 

Ti(Al)N, while the second one corresponds to the oxidation of Al(Ti)N. This conclusion is 

additionally substantiated by the fact that the size of the peaks in the DSC signal corresponds to 

the amount of the respective phases. Al(Ti)N constitutes the largest part of the coating and its 

oxidation consequently releases the highest amount of energy, resulting in the highest peak in the 

DSC signal. In Fig. 5 it can be seen that w-AlN shows the highest resistance to oxidation since it 

is stable up to 900 °C. This corresponds well with already reported results  where it was found that 

due to the higher amount of Al available in wurtzitic Ti1-xAlxN coatings, they show a better 

oxidation resistance compared to purely cubic coatings [2,28]. Consequently, the third contribution 

results from the oxidation of w-AlN. This peak is small compared to the second one which is in 

agreement with the small amount of w-AlN present in the coating. 

Eventually, above 1000 °C the whole coating has reacted to r-TiO2 and α-Al2O3 with respective 

phase fractions of 38 and 62 wt.-%. No anatase TiO2 is observed during the whole annealing 

process and thus the coating obviously directly transforms to rutile instead of an occasionally 

observed intermediate reaction step to metastable anatase [29–32]. The much higher exothermal 

peak of the oxidation of the coating compared to that of spinodal decomposition in the DSC signal 

corresponds well with the report by Chen et al. [28]. Similarly, they found an approximately 100-

times increased signal when comparing oxidation and spinodal decomposition in the DSC. 

However, in their case the individual contribution of spinodal decomposition and oxidation were 
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not distinguishable within one DSC measurement due to the overlap of signals and annealing cycles 

were performed separately in air and vacuum. This demonstrates the good resolution of the DSC 

at the P07 beamline where both contributions could be discerned within one single measurement 

by the aid of a sequential Rietveld analysis.  

Upon further increasing the temperature, no change in the phase composition occurs until at 

~1250 °C Al2TiO5 starts to form at the cost of r-TiO2 and α-Al2O3. Al2TiO5 is the 

thermodynamically stable high temperature phase of a 1/1-mixture of TiO2/Al2O3 [33]. This phase 

has also been observed during the annealing of PVD-Ti1-xAlxN-based hard coatings [28,31,32,34]. 

Its formation is accompanied by another exothermal peak in the DSC signal. At the highest 

temperatures investigated, r-TiO2 and α-Al2O3 further react to Al2TiO5, however, at a much slower 

rate than during the main transformation around 1275 °C. This is in good agreement with the results 

reported by Freudenberg and Mocellin [35,36], who have found two stages of the reaction of 

powdered α-Al2O3 and TiO2 (anatase and rutile) to Al2TiO5. One fast initial reaction step followed 

by a second step with a reduced rate. The decreased reaction speed was attributed to the limitation 

of reactant diffusion through the formed Al2TiO5 reacted layer.  

Figure 7 shows the DSC signal, summarizing the evolution of the CVD-Ti1-xAlxN coating 

investigated within the in-situ synchrotron radiation experiment. It demonstrates that by the use of 

the presented method we were able to correlate all significant exothermal peaks observed during 

the measurement with reactions taking place in the coating. In addition, the spinodal decomposition 

could be clearly separated from the oxidation in the DSC signal, although it shows only a very 

minor signal in comparison. This was only possible by thoroughly analyzing the XRD data with 

respect to phase composition and lattice parameters using a sequential Rietveld refinement.  
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Figure 7: DSC signal (background subtracted) obtained at the synchrotron radiation facility with 

all exothermal peaks assigned to either chemical reactions or phase transformations.  

As a final point it needs to be discussed that results obtained for a solid coating on a substrate might 

to some extent differ from the results gained for powders. In contrast to a coating on a substrate a 

powder has a higher surface to volume ratio and does not contain residual stresses. Due to the 

smaller amount of surface that is exposed to air during annealing in the compact coating the kinetics 

of the oxidation reaction are therefore somewhat retarded leading to longer oxidation times and to 

increased finish temperatures of the oxidational reactions. In contrast, the onset temperatures, the 

specific type of reaction and the phase evolution are the same. These mainly depend on the 

elemental composition of the individual phases, i.e. the Al content in this case, and not on the 

exposed surface. Also, since the TiN baselayer is underlying the Ti1-xAlxN top layer in the compact 

coating, its oxidation starts only after the top layer is completely oxidized. At the high temperatures 
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investigated the residual stress relaxes having therefore no influence on the oxidation behavior 

even in the compact coating. These conclusions evidence that important implications valid for both 

cases can be obtained from powders.  

4. Conclusion 

Within this work a powdered nanolamellar Ti1-xAlxN coating on a TiN baselayer produced by 

chemical vapor deposition (CVD) was investigated employing a novel approach of combined 

differential scanning calorimetry (DSC) and synchrotron radiation X-ray diffraction (XRD). The 

powder sample was investigated in air between 100 and 1400 °C and the obtained XRD data was 

analyzed using sequential Rietveld refinement. This procedure yielded the temperature-dependent 

evolution of the phase composition as well as lattice parameters of the present phases. By 

correlating the obtained data with the DSC signal a deep insight into the thermal stability and 

oxidation resistance of CVD-Ti1-xAlxN was obtained providing the following main conclusions:  

i. The high resolution at the synchrotron radiation facility of both XRD and DSC allowed to 

discern the influences of spinodal decomposition and oxidation on the phase composition 

of the coating. The onset of spinodal decomposition found here is approximately 200 K 

lower than observed before for vacuum annealed CVD-Ti1-xAlxN. This implies that the 

oxygen present in ambient atmosphere has a negative influence on the thermal phase 

stability of fcc-Ti1-xAlxN.  

ii. When TiN is formed during the spinodal decomposition of Ti1-xAlxN it oxidizes to rutile 

TiO2 directly after its formation due to the loss of the protective Al in the lattice. 

iii. The individual phases in the investigated coating system, i.e. the TiN baselayer, the Ti-rich 

Ti(Al)N, the Al-rich Al(Ti)N and the wurtzitic (w-)AlN start to oxidize independently at 

different temperatures. The sequence of the oxidation onset temperatures is 

TiN < Ti(Al)N < Al(Ti)N < w-AlN, which evidences the positive influence of Al on the 
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oxidation resistance. However, this also indicates that the observed higher oxidation 

resistance of CVD-Ti1-xAlxN compared to the physical vapor deposited Ti1-xAlxN does not 

result from the lamellar microstructure, but is rather caused by the increased average 

amount of Al present.  

In addition to the results obtained on the thermal stability of CVD-Ti1-xAlxN, the present work 

demonstrates the exceptional capability of the used experimental and analytical approach to 

improve the understanding of the temperature-dependent evolution of metastable coating systems 

in general. 
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