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ABSTRACT

The increased need for protecting cutting tools has led to the development of more and more efficient coatings. Ti-
Al-N is one of the most studied systems in the hard coating industry due to the high hardness and good oxidation
resistance of Tii—xAlKN coatings. The development of LPCVD processes has led to the discovery of new
microstructures and morphologies. In this study, we discuss the microstructural and morphological changes caused
by varying the aluminum content in films deposited by low pressure thermal CVD in an industrial reactor at low
carrier gas flow and relatively high pressure (> 4 kPa). Coatings were characterized using FE-SEM, XRD and TEM
analysis, revealing the growth of nanolamellae with modulated Al and Ti contents for the lowest Al containing
coatings. The coatings with the highest Al contents were also found to show particular cube-shaped grains with a
micromodulation of composition. Experimental Al content values are higher than the calculated one and their
evolutions with the AICI3/(AICIs + TiCl;) molar ratio are similar. The hardness and oxidation resistance were
characterized and compared with available data in literature. Higher hardness is obtained for coatings having an Al
content up to x = 0.65 and a hardness drop is found for higher Al contents. The oxidation resistance of the coatings
rises continuously with an increasing Al content.

Introduction

For several decades, increasing productivity in many industrial domains has led to a significant and ever increasing
interest for protective and hard coatings. In this context, nitrides and particularly titanium nitrides were widely used,
especially for applications such as machining operations, for which chemical and mechanical stability at high
temperatures are needed. An enhancement of the thermal stability and mechanical properties can be achieved by
adding aluminum as an alloying element in the metastable fcc-structure. The deposition of Tii—«AlxN coatings near to
equilibrium conditions leads to the formation of stable fcc-TiN and hcp-AIN [1]. Moreover, the thermodynamic data
also shows that fcc-TiN and the metastable fcc-AIN phase are im- miscible over almost the whole range of Al content,
and that the de- position of fcc-Tii—xAlN solid solution is thermodynamically unexpected [2,3]. It was then
demonstrated that the growth of metastable fcc-Tii—xAlN coatings with various Al contents mainly results from
kinetic factors [4,5]. These coatings show particular spinodal decomposition, leading to the formation of fcc-TiN
and fcc-AIN domains during annealing and then to a hardness enhancement due to the lattice parameter mismatch
between these two phases [6—8]. Aluminum addition also allows an increase of the oxidation onset temperature
of about 300 °C; from =500 °C for TiN coatings to =800 °C for Ti1—xAlxN coatings [9]. Researches have generally
focused on coatings with ever- increasing Al content in the fcc structure. While fcc-Tii—«AlxN coatings obtained by
various Physical Vapor Deposition (PVD) techniques seem to be limited up to an aluminum content x of about
0.67-0.7 [10-12], the development of Low Pressure Chemical Vapor Deposition (LPCVD) techniques has shown x
values up to 0.8-0.9, achieving hardness values higher than 30 GPa and oxidation resistance up to 1000 °C [13].
The growth of nanolamellae microstructures for high aluminum contents, obtained at pressure below 3.5 kPa and



high carrier gas flow rates in order to minimize the residence time of the species were thus reported by numerous
studies. Keckes et al. first show the deposition of fcc- TiposAloosN coatings with spontaneous growth of hcp-AIN/fcc-
TiN nanolamellae [14]. The fcc-Al(Ti)N (solid solution of Ti in the fcc-AIN phase) nanolamellae microstructure with a
modulation of the Al and Ti contents and showing grains oriented along the [111] direction was later reported [15].
These coatings show promising mechanical prop- erties and oxidation resistance. More recently, the deposition of
(111)- and (100)-oriented coatings with high thermal stability was reported [16]. These studies mainly concern Al-rich
coatings. Relatively poor literature concerns the microstructural changes related to various Al contents in CVD thin
films. Ishigaki et al. have thus deposited fcc- Tii—«AlkN coatings with various Al content at a pressure of 5 kPa
without mentioning the carrier gas flow rate (H) [17]. The proposal of this work is to investigate the microstructural
and morphological changes obtained by varying x in Ti1—sAIxN coatings, at 4 kPa and low carrier gas flow rates (H:
flow rate). Indeed, a low H; flow rate favors the Al content homogeneity in our reactor. The measured Al content in
the coatings is then compared with thermodynamic calculations. Mechanical properties and oxidation resistance are
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also discussed and compared to the state-of-the-art LPCVD Ti;—xAlxN coatings.
Fig. 1. Diagram of the reactor layout

1. Experimental details

Table 1
Summary of the parameters used for the deposition of Til_,AlxN with various Al contents.

Temperature 800 °C
Pressure 4 kPa
Deposition time 30 min
H, flow 40 lpm
NHs flow 0.75 Ipm
AICl3/TiCls molar ratio 0.5-2.8

NHs/(TiCls + AICI3) molar ratio  0.88

Tiz—xAlxN coatings have been deposited with various Al contents WC/Co-11%, Al,Os and M2 substrates (Fig. 1).
Deposition was performed at a pressure of 4 kPa and a temperature of 800 °C. The process is re- producible under
2



these conditions, even if a slight inhomogeneity in Al- content (< 15%) was found between the upper and bottom zones
of the reactor. The deposition chamber is about 1250 mm in height and 300 mm in diameter. It consists of graphite
plates on which the substrates are positioned. The gas injection is provided by mean of a graphite pipe passing
through the trays and distributing gas onto each plate. Coatings were obtained from a mixture of TiCls, AlCl5, NH3, N,
and H,. Titanium chloride is generated by dosing and vaporizing TiCl, liquid. AICl; results from the in-situ chlorination of
aluminum pellets by using an adjusted HCI flow. Temperature and pressure used for chlorination are adjusted to
generate almost only AICl; and its dimer AlLCls. Hz is used as a carrier gas and NHs is injected directly into the reactor to
avoid unwanted reactions. The AICl3/TiCl, molar ratio was varied by adjusting the AICl; and TiCl; flows to keep the
total molar amount constant. The other gas flows were fixed in order to have a NHs/ (TiCls + AICl3) molar ratio of
0.88 and a NHs/H> molar ratio of 0.02. These ratios were determined considering a chlorination yield (amount of
AICl; formed to the inlet HCl amount) of 1. Table 1 shows the main parameters used for Ti;—xAlN deposition.
Pumping is carried out by a LRVP (Liquid Ring Vacuum Pump). Process by-products are treated in an alkaline solution
(Fig. 1).

Thermodynamic calculations were carried out using the FactSage software with TiCls, AlCl3, NH3, H> and N3 gas as input
parameters. The molar amount of reactants used for these calculations was the same that those used for deposition,
except for AICls;, for which the molar amount was fixed at one third of the HCI value, assuming that all the HCl is
consumed to form AICl; during chlorination.

Coatings morphology was studied using Scanning Electron Microscopy (SEM) analysis in a Hitachi SU-8030 FE-SEM
system and the composition was determined by mean of Electron Probe MicroAnalysis (EPMA) analysis, using a Jeol
JXA 8530-F. Crystallographic structure was investigated by Grazing Angle X-Ray

Diffraction (GAXRD), using a Bruker D8 Advance diffractometer with the K,; radiation of Cu (A = 0.1541 nm). The
system is equipped with a 2.0 mm collimator and an Axial Soller slit with an axial divergence of 2.5°. The incidence
angle during the GAXRD analysis was determined experimentally to ensure that no signal from the WC/Co substrate
was observed. Assuming the density of the coating plays a role in the X-rays absorption, the incidence angle was varied
from 3° for the Ti-rich coatings to 1° for the Al-rich coatings. The structure and microstructure of the coatings were
also studied by Transmission Electron Microscopy (TEM) and Scanning Transmission Electron Microscopy (STEM) ana-
lyses, using a JEM-ARM 200F cold FEG TEM/STEM system. Elemental distribution in the TEM samples was analyzed
using Energy Dispersive X-ray spectroscopy (EDX). An almost homogeneous distribution of Nitrogen in the coating is
always found and the corresponding cartography is thus not presented. Prior to TEM analysis, the samples were
prepared by Focus lon Beam (FIB), using a MEB-FIB FEI Helios Nanolab 600i. The phases identification of the oxidized
samples was also per- formed by GAXRD with an incidence angle of 5°, in order to increase the signal intensity.
Hardness measurements were carried out on the sur- face of M2 pins by mean of a nanoindenter XP, MTS system
corporation, using a Berkovitch diamond tip with 300 nm of penetration depth. Prior to the hardness measurements,
the surface of the samples was polished with a silicon carbide paper (granulometry P4000). Twenty indents were
performed on each sample and the average hardness value was considered. Oxidation resistance was investigated
between 500 °C and 1000 °C in ambient air and during 1 h with a heating rate of 15 °C/ min and natural cooling to
room temperature.

2. Results and discussions

2.1. Compositional analysis and thickness

Table 2
EPMA chemical analysis of the Tii—«AlxN coatings with various Al contents.

AICIs/TiCls ratio 0.52 0.84 2.03 2.8
N (at.%) 457 46.8 46.6 46.71
6 0 8
Al (at.%) 3.88 311.8 417.3 42.11
Ti (at.%) 4%.1 162.6 7.49 7.13
cl (at.%) 0.68 0.32 1.20 0.90



x in Tiz—xAlxN 0.08 0.65 0.84 0.86

Chemical analyses of our coatings are summarized in Table 2. The Al content, x, in Tii—«AlN coatings, is defined as
the Al/(Al + Ti) (at.%) ratio. By varying the AICIl3/TiCl, ratio from 0.52 to 2.8, the Al contents in the coatings are in
the range from x = 0.08 to x = 0.86. The coatings thickness is about 5 um for the coating with the lowest Al-
content (Tio.92Alo0sN) to about 2.3 um for the highest Al-containing coating (Tio.14Alos6N). The Cl contents (<1.2
at.%) was found to be higher in coatings having the highest Al content. These results are consistent with those
found in literature. This higher Cl content in the coatings (about 1.2 at.%) can result from an incomplete
dissociation of AICls. As AICl; is considered as less reactive with NHs than TiCls, an increase of the AIClz amount in
the gas phase can result in higher Cl contents in the coatings [18].

2.2. Morphology, structure, and microstructure
SEM analyses are shown in Fig. 2 and give the surface coatings morphology for different aluminum contents. The
Tio.92Alo0sN film (Fig. 2-a) shows a globular morphology while a morphology showing top of cubes is found in the
Tio3sAlossN coating (Fig. 2-b). By further increasing the Al content, cube-shaped grains seem to appear in Tig.16Alo.saN
and become predominant for the Tio14AlossN coating (Fig. 2-c and 2-d, respectively).
Although the microstructural and morphological evolution is relatively poorly described in literature, the observation
of globular grains for the Ti-rich coatings is consistent with the results obtained by Ishigaki et al. [17]. However, they
reported the presence of this globular morphology on the full range of Al content. The growth of LPCVD films having
tetrahedral and octahedral morphologies has recently been observed by some researchers [16,19]. Their Al-rich
Tio.2Alo.sN and Tio.18Alo.s2N coatings were found to have columnar grains with oriented growth of fcc-Al(Ti)N lamellae in
the [111] and [100] directions, respectively. However, there was no mention of the presence of cube- shaped grains
as those found in Fig.2-c and -d. The reason of the growth of these cubes is not clear. The number of these cubes
seems to increase in the coating containing the highest amount of aluminum. Further investigations are needed in
order to establish hypotheses regarding the growth of these cubes.
Fig. 3-A-a shows the STEM — High Angle Annular Dark Field (STEM- HAADF) image corresponding to the cross-section of
the Tios2Alo0sN coating. The EDX analyses performed on this Tipg2Al00sN coating are presented in Fig. 3-A-b and -A-c
and show the distribution of aluminum and titanium respectively.
The dark domains observed between the globular grains (Fig. 3-A-a) show the presence of cubes, that look like those
observed in the high Al containing Tio.12Alo.ssN coating (see Fig. 2-d). These dark domains contain a higher Al content
than in the globular grains (Fig. 3-A-b and 3-A-c). These observations are consistent with the morphology, showing
that the cube-shaped grains are observed in the coatings having a high Al content (Fig. 2-c and 2-d).
It is also clearly shown that the coating is composed of a stack of globular grains constituted of bright and dark
lamellae (Fig. 3-A-a), which correspond to a modulation of the composition inside these globular grains (Fig. 2-cand -
d). The dark and bright lamellae observed on the Bright Field (BF) STEM image (Fig. 3-A-b and 3-A-c) are a
modulation of Ti-rich (97 at.%) and Ti-depleted (90 at.%) lamellae.
The XRD analysis performed on the Tios:Alo0sN coating (Fig. 4-a) shows mainly the {111}, {200} and {220} peaks of
the fcc-Ti(Al)N phase which is assumed to be the solid solution of Al in fcc-TiN. However, the peaks corresponding
to this phase appear exactly at the position of the pure fcc-TiN peaks (PDF file 00-038-1420). The Al content in these
grains is probably too low to create a significant shift of the fcc-Ti(AI)N peaks towards the high angles on our GAXRD
experiments. This fcc-Ti(Al)N phase can then correspond to the globular grains shown in Fig. 3-A-a. A small peak is
also detected at 38.3° and can be attributed to the fcc-Al(Ti)N {111} planes. Only a very weak reflection of the
{1010} planes of the hcp-AlN is observed at a 28 angle of 33.2°. The BF TEM micrograph of this TiosAlo.0sN coating is
shown in Fig. 5-A-a. The associated Selected Area Electron Diffraction (SAED) pattern seems to be representative of
the globular grains in the coating. It only shows the presence of the fcc-Ti(Al)N phase while fcc-Al(Ti)N as well as hcp-
AIN are not observed by this TEM analysis. Thus, this coating seems to be mainly constituted of the fcc-Ti(Al)N
phase, even if some traces of the hcp-AIN and fcc-Al(Ti)N phases are detected by GAXRD. These phases should
correspond to the dark domains observed in Fig. 3-A-a. Fig. 5-A- b shows the HRTEM image of the Tig.92Alo.0sN
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coating and highlights the crystallized microstructure. The associated Fast Fourier Transformation (FFT) image
confirms the presence of the fcc structure and shows the {111} and {200} planes with a [110] zone axis. The
interplanar distances are evaluated to be =0.24 nm and =0.21 nm for the {111} and {200} planes respectively,
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confirming the presence of fcc-Ti (Al)N with a very low Al content.

Fig. 2. Surface morphology of coatings deposited at 800 °C and 4 kPa; a) Tio.92Alo0.0sN; b) Tio3sAlo.esN;
c) Tio.16Alo.8aN; d) Tio.1aAlo.86N.

Several researchers reported the lamellae microstructure with modulation of the composition of aluminum and
titanium but it was observed for coatings with higher Al contents [14,17,19]. The present results seem to mean that
this particular lamellae microstructure is not dependent on the Al content. A fcc-Al(Ti)N nanolamellae micro- structure
with a modulation of the Al and Ti contents was found for coatings with an overall Al content between x = 0.62 to x =
0.82 [17,19], while an hcp-AIN/fcc-TiN modulation was found for coatings with an Al content of x = 0.95 [14]. We can
expect that the observation of this lamellae microstructure in our coating having an Al content of only x = 0.08 is due
to the deposition conditions used here, which are closer to the equilibrium conditions than those found in literature.
The relatively high pressure and the low H; flow rate, thus leading to a higher residence time of the species, allow a
better mobility of the atoms at the surface and then promote the demixing of the solid solution associated with the
growth of a modulated microstructure.

In summary, the dark domains should be hcp-AIN or fcc-Al(Ti)N and the globular grains are fcc-Ti(Al)N with a modulation
of composition.

Fig. 3-B-a shows the STEM HAADF image of the Tig3sAlossN coating cross section. The EDX cartographies
corresponding to aluminum and titanium are shown in Fig. 3-B-b and 3-B-c. Bright grains and grains constituted of
bright and dark lamellae are observed (Fig. 3-B-a). The bright grains are almost exclusively com- posed of titanium
(and nitrogen) (Fig. 3-B-c). The XRD pattern of the TigssAloesN coating (Fig. 4-a) shows that the peaks corresponding to
the fcc-Ti(AlI)N phase with a very low Al content are still predominant. Thus, it is assumed that the structure of these
grains is fcc-Ti(Al)N with a very low Al content.

Fig. 3-B-b and -B-c also show that the bright and dark lamellae are respectively aluminum-rich and titanium-rich. The
composition of the bright lamellae are 23 at.% Al and 30 at.% Ti, while that of the dark lamellae are 49 at.% Al and 5
at.% Ti. XRD analysis shows, in addition to the fcc-Ti(Al)N peaks, a strong reflection that can correspond to the
{1011} peak of the hcp-AIN phase or to the {111} peak of the fcc-Al(Ti) N. The shift of this peak, compared to the
position of the pure fcc-TiN peak, corresponds to an Al content x of about 0.67. This value is consistent with the
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overall Al content found in this coating. So, this peak is probably associated with the fcc-Al(Ti)N phase. Moreover, a
reflection that can be attributed to the fcc-Al(Ti)N phase is also observed at 44°. The BF TEM image and the
associated diffraction pattern obtained on agrain constituted of bright and dark lamellae (Fig. 5-B) highlights only afcc
structure. These observations suggest the presence of a coherent fcc- Al(Ti)N lattice constituted of lamellae with a
modulation of the Al and Ti contents.

Thus, the following assumptions can be made. (i) The XRD peak that can be indexed as the {1011} plane of hcp-AIN is
actually the {111} peak of the fcc-Al(Ti)N phase, forming a nanostructured lattice with compositional modulation of
aluminum and titanium. (ii) It is also possible that hcp-AIN domains, which are evidenced by a peak at 33.2° in the
GAXRD pattern (Fig. 4), are distributed elsewhere in the coating. Unfortunately, these zones were not detected by
these TEM analyses.

In summary, TiossAlossN contains bright grains (Fig. 3-B), which are fcc-Ti(Al)N and nanolamellae, which are fcc-
AIl(Ti)N with a mod- ulation of Al and Ti contents. Some traces of hcp-AIN are detected by XRD.

Fig. 3-C-a shows the BF STEM image of the Tio.14Al0.s6N coating cross section. The coating seems to be constituted of a
stack of particles composed of bright and dark domains. Regarding the square shape of the particle in the upper right
frame on Fig. 3-C-a, it can be assumed that these particles can correspond to the cube-shaped grains observed on the
surface morphology analyses (Fig. 2-d).
This Tig14AlossN coating shows a strong compositional modulation of aluminum and titanium (Fig. 3-C-b). EDX
analyses actually revealed the presence of Al-rich and Al-depleted zones, with an Al content of about 85 at.% in
the bright domains while a Al content of about 95 at.% was found in the dark zones. This observation is
consistent with the high Al overall content in the Tio.14Alo.s6N. The XRD patterns obtained for the Tiop.16Alo.saN and
Tio.14Alo 86N films (Fig. 4-a) show broad and poorly defined peaks, corresponding mainly to the presence of the hcp-
AIN structure with some traces of the fcc-Al(Ti)N and fcc-Ti(Al)N phases. Evidence of the {200} peaks
corresponding to both fcc-Ti(AI)N and fcc-Al(Ti)N phases in the Tig.14Alo.ssN coating is shown in Fig. 4-b. The shift of
the fcc-Ti(AI)N and fcc-Al(Ti)N peaks, compared to the fcc- TiN and fcc-AlIN peaks positions (PDF files 00—038-1420
forfcc-TiN and 00—046-1200 for fcc-AIN), can correspond to an Al content x of about 0.08 in the fcc-Ti(AI)N phase
and 0.85 in the fcc-Al(Ti)N phase. This last value is consistent with the Al content in the Tio.14Alo.ssN coating. Fig. 5-C-
a shows the TEM image and the associated diffraction pattern obtained on the Ti0.14Al0.86N coating. The
diffraction pattern shows the presence of the {1010}, {0002}, {1011}, {1012} and {1120} planes of the hcp-AIN
phase and the {200} planes of the fcc-Ti(Al)N phase. These observations confirm the XRD results, showing the
pre- dominance of the hcp-AIN phase in the Tip.14Alo.36N coating.
Fig. 5-C-b shows the HRTEM image of a particle that can correspond to a cube-shaped grain (Fig. 2-d) at the surface
of the Tig14AlossN coating (upper left frame). The FFT pattern associated with this HRTEM image reveals the
presence of the {111} and {002} planes of a fcc structure, with a [110] zone axis. Interplanar distances of =0.23
nm and =0.20 nm were found for the {111} and {200} planes, respec- tively. This particle can be attributed to
the fcc-Al(Ti)N metastable phase with a low Ti content.
It could be possible that the higher amount of cube-shaped grains in the Tig.14Alo.s6N compared to the Tio.16Alo.3aN
(Fig. 2-c and -d) is re- lated to the presence of the fcc-Al(Ti)N highlighted by XRD as well as by HRTEM analyses in the
highest Al containing coating (x=0.86).

Coatings deposited by Atmospheric Pressure CVD (APCVD) showing a mixture of fcc-TiN, fcc-AIN and hcp-AIN were
also found by Wagner et al. with an Al content of x = 0.40 and x = 0.45 [18]. At higher Al contents, a mixture of the
stable phases fcc-TiN and hcp-AIN was found. This result is consistent with those found in our work, except that the
hcp-AIN phase seems to be significantly present above an Al content of x = 0.65 in our coatings. These observations
clearly confirm that high pressure and/or low carrier gas flow rates promote the growth of the stable phases.

The growth of the lamellae microstructure is assumed to be associated to spinodal decomposition or as the result of
kinetic growth, where it should be preferable for the system to stabilize the fcc structure by adjusting the
composition of the lamellae [15,16]. However, these hypotheses are not sufficient to explain the micromodulation
forming the Al depleted domains (“bright” domains) and Al-rich domains (“dark” domains) in the Tig14AlossN
coating. It could be due to local competition, which would occur between the consumption of TiCl, and AlCl; near the
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substrate surface. If, for example, the reaction of TiCl, with NHs is favored compared to that of AICls, this can lead to
a local fluctuation of the AICI3/TiCl, ratio near the surface and finally leads to the formation of domains showing a
modulation of the Al and Ti contents. This hypothesis can also explain the growth of Al-rich domains in the Tiog2Alp.0sN
coating and the growth of the fcc-Ti(Al)N grains (“bright” grains) in the Tio3sAlossN coating.

In summary, the Tio14AlossN coating contains bright and dark do- mains, which are a micromodulation of the Al and Ti
contents. This coating is mainly composed of the hcp-AIN phase with some evidences of the fcc-Ti(Al)N and fcc-Al(Ti)N

phases. The distribution of these phases is difficult to clarify. Fig. 6 gives a diagram summarizing the structures observed
in this work.



Fig. 3-B-b and 3-B-c
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3.3. Thermodynamic calculations

Thermodynamic calculations were performed using the FactSage software to find the stable phases at given
parameters (temperature, pressure, molar amount of each reactant in the gas mixture) and to estimate the Al
content in the coatings. The phase stability was calcu- lated by minimizing the Gibb's free energy. Calculations
were carried out with the same molar quantity as those used during experimental deposition and at 800 °C and 4
kPa. Fig. 7 shows the evolution of the calculated Al content in the coating (x in Tii-xAlkN) as a function of the
AICI3/(AICI; + TiClg) ratio. The Ti-Al-N system being immiscible in almost the entire aluminum content range, the
growth of the metastable fcc-Tii«AlkN is considered as the result of a kinetic issue more than of a
thermodynamic metastability [5]. It is thus assumed that only the stable fcc-TiN and hcp-AIN phases will be
formed experimentally. Data for the different phases is based on the work of Chen and Sundman [20],
defining the thermodynamic parameters of the stable phases in the Ti-Al-N system. The calculated Al contents
(solid black curve of Fig. 7, Table 2) are compared to the experimental values (dashed orange curve of Fig. 7). The
experimental as well as calculated Al contents are found to have the same evolution. The solid blue line (Fig. 7) is
the calculated theoretical Al content in the coating in the case of all AlICl; being used to form AIN.

As the AICI3/(AICI; + TiCly) ratio increases, the calculated Al con- tent in the coating progressively gets closer to
the theoretical maximum value that can be obtained. Except for the lowest Al content, it is clear that the
experimental values are above the other values (Fig. 7).

Yield calculations for the formation of hcp-AIN (not presented here) were carried out in order to explain the
calculated curve evolution. Hcp-AIN vyield is defined as the ratio of the AICI; inlet to the amount of hcp-AIN
formed. Results show that, at an AICI3/(AICl; + TiCls) flow ratio of 0.34, only 26% of the injected AICl; in the
reactor reacts to form AIN, while at a ratio of 0.74, about 81% of the AICl; is used to form hcp- AIN. These yield

o



calculations thus explain that calculated Al contents progressively approach the theoretical value given by the
blue line.

The experimental Al contents are higher than the calculated values for the coatings with an AICIz/(AICI5 + TiCls)
ratio above 0.46. As we use a relatively low H; flow rate and considering that the reactivity of TiCl, with NHs is
higher than that of AICl; (the mixing enthalpy at 800 °C for the formation of fcc-TiN from NH; and TiCl, is about
-100 KJ/mol while that of hcp-AIN from AICl; and NHs is about —48 KJ/mol), fcc-TiN may already be formed in the
injection pipe. Then, a lower TiCl, amount is available for deposition, leading to higher Al contents in the
coatings. This assumption is supported by the observation, after the deposition process, of a yellow layer on the
inner wall of the injection pipe.

Concerning the lowest Al-containing coatings (with the corresponding ratio: AICls/(AICI; + TiCls) of 0.34), it is
assumed that, even if a small amount of fcc-TiN is already deposited in the injection gas pipe, the gas mixture in
the deposition zone will still be mainly com- posed of TiCls. So, the amount of AICI; may be insufficient to react
strongly with NHs. A low Al content is then expected in the coating. This can explain that the experimental value
is almost the same as the calculated one (for low Al contents).

For the Al-rich coating (AlICls/(AICI5 + TiCls) of 0.74), the experi- mental value is closer to the calculated curves. It
can be considered in this case that the amount of TiCl, in the gas mixture is not sufficient to deposit on the wall
of the injection pipe.
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Fig. 5. A-a) BF TEM image of the Tigs2Alo0sN coating and the corresponding diffraction pattern; A-b) HRTEM
image of the Tig.92Al0.0sN coating associated to its FFT pattern; B-a) BF TEM image of the Tio3sAloesN coating and
the associated diffraction pattern; C-a) BF TEM image of the Tio14AlossN and the corresponding diffraction
pattern; C-b) HRTEM image corresponding to a cube-shaped grain at the surface of the Tig.14Alo.8sN coating. The

upper right frame is the FFT pattern associated to the HRTEM image.
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Fig. 6. Diagram of the microstructures obtained in our coatings as a function of the Al content. The Tio.92Al0.0sN
coating is mainly constituted of fcc-Ti(Al)N nanolamellae with a modulation of the Ti content (globular grains). Some
traces of the hcp-AIN and fcc-Al(Ti)N phase are also present (dark domains).

The Tio3sAlpesN coating is constituted of fcc-Ti (AI)N grains (bright grains) and fcc-Al(Ti)N nanolamellae with a
modulation of the Al content (bright lamellae and dark lamellae). Some traces of hcp-AIN are also detected in the
coating.

The Tio.14AlossN coating is constituted of Al- rich and Al-depleted domains. This coating is mainly constituted of the
hcp-AIN phase with some evidences of the fcc-Ti(Al)N and fcc-Al(Ti) N phases. The distribution of theses phases
cannot be determined.
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Fig. 7. Evolution of the experimental and calculated value of the x ratio in Tii—xAlKN coatings as a function of
the AICl3/ (AICIs + TiCls) ratio. The blue line is the calculated Al con-tent in the coating if all AICls is used to
form AIN. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 8. Hardness evolution as a function of x in Ti1—xAlxN coatings deposited at 800 °C and 4 kPa.
3.3. Hardness

Fig. 8 shows the evolution of the coatings hardness as a function of Al content. Hardness value is 26.6 GPa for the
Tio.o2Alo.0sN coating and a weak hardness increase is observed for x = 0.65. Above this value, a hardness drop is
observed, with a value of 20.0 GPa for Tig.16Alo.ssN. Finally, hardness seems to increase slightly for Tio.1aAlo.s6N.
According to the low Al content in the Tigs2Alo0sN coating, its hardness (26.6 GPa) seems to be quite high compared
to the typical values reported for fcc-TiN coatings (about 20 GPa) [18,21]. This relatively high value can be attributed
to the nanolamellae micro- structure. The coherent lattice along lamellae associated with a slight modulation of
composition can generate stresses at the interfaces be- tween these lamellae and then reduce dislocations motion,
leading to higher hardness [22]. An increase of the Al content in the fcc-Ti1—,AlkN phase generally leads to an increase
in hardness. Here, the slight rise in hardness between the Tige2Alo0sN and the TiossAloesN coatings could be related
to the higher amount of Al in the Tip3sAlossN coating. In- deed, no fcc-Ti(AI)N peak shift is detected for Tip.g2Alo.0sN,
whereas a shift is observed for TigssAloesN. However, this apparent increase in hardness could also be due to the
high deviation of the hardness values. The hardness drop observed by further increasing the Al content in the coatings
is related to the predominant formation of hcp-AIN, as shown by the XRD analyses. The increase of hardness
observed for the Tig14Alo.ssN coating could be related to the presence of fcc-Al(Ti)N domains in this coating which is
not observed in Tig16Alo.saN. The fcc- Al(Ti)N phase is notably reported to have a high hardness and can thus be
responsible for this increase in hardness. However, this higher hardness for the Tig.14Alo.ssN coating could also be due
to the high deviation of the hardness values.

The hardness measurements of this work are compared with literature data. Ishigaki et al. have recently deposited
Ti1—xAIxN coatings with various Al contents [17]. The same hardness evolution (black dotted curve) was observed
for their coatings. Nevertheless, higher hardness values were obtained due to the presence of the fcc-structure in a
wider Al content range as well as to the formation of the nanolamellae microstructure up to an Al content of x =
0.82 [17]. In a general way, the nanolamellae microstructures are associated with a significantly higher hardness
than that of our coatings, with values of about 35 GPa [19,23]. In our case, the presence of fcc-Ti(Al)N phase
with a very low Al content (bright grains) in the Tio3sAlo.6sN can ex- plain the lowest hardness. Most of the other
hardness values found in literature are higher than those found in our work. A value of 35 GPa was found in a
Tio.1sAlo.s2N coating showing the presence of a fcc-Al (Ti)N nanolamellae microstructure with modulated Al and Ti
contents (grey triangle mark) [19]. Values between 28 GPa and 32 GPa were reported in single phase Tiiz—AlN
coatings (empty blue triangle marks) [13], and a hardness of about 27 GPa was found in TigosAlossN coatings
showing the presence of fcc-TiN/hcp-AIN nanolamellar grains (yellow square mark) [14]. Among the results found in
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literature, only coatings deposited at atmospheric pressure (blue empty square mark) were found to have lower
hardness, confirming the strong influence of deposition pressure on the properties of the Ti;—xAlxN coatings [18].

3.4. Oxidation resistance

Oxidation resistance was investigated between 500 °C and 1000 °C. Fig. 9 shows an overall view of coated Al,O3
samples after 1 h of oxidation at 700 °C, 850 °C and 950 °C. At a temperature of 700 °C, no sample shows
significant oxidation. At 850 °C, the coating with the lowest Al content (Tio.92Alo.0sN) is completely oxidized and
delamination is observed. The coatings with higher Al contents do not show strong oxidation, with only a thin
white layer that seems to appear on the Tio3sAlossN. After 1 h of oxidation at 950 °C, the coatings with an Al
content up to x = 0.65 are completely oxidized whereas the two films with higher Al content demonstrate a
higher resistance against oxidation.

These observations are confirmed by the XRD patterns (Fig. 10) after 1 h of oxidation at 850 °C. The XRD pattern of
Tio.92Alo0sN shows intense peaks corresponding to the iron oxide Fe;0s;. The XRD pattern also reveals that the
oxidized layer is mainly rutile titanium oxide (r- TiO;). Weak reflections corresponding to Al,Os are also detected.
Additional GAXRD experiments (not presented here) were performed on this coating revealing that the first signs of
r-TiO2 occurs from 500 °C. Complete oxidation of the coating was observed after oxidation at 800 °C. Tip.35Al0.6sN
shows better oxidation resistance, as the fcc-Ti(Al) N peaks at 36.6° and 42.6° are still present. Anyway, Al,O3 and r-
TiO, reflections remain the predominant phases. After 1 h at 800 °C, coatings with the highest Al contents
(Tio.16Alo.8aN and Tip.14Alp 86N) mainly show the hcp-AIN phase with some Al,Os; reflections. GAXRD analyses performed
between 750 °C and 950 °C (not presented here) show that oxidation seems to start from 800 °C for these coatings.
After oxidation at 950 °C, the presence of the hcp-AIN phase is still detected and the coatings are not completely
oxidized. Thus, these high Al content coatings show a higher oxidation resistance than coatings with a low Al
content, in accordance with the results found in literature [9].

The better oxidation resistance of Al-rich Til_—sAlxN coatings is generally associated with the formation of Al,Os as a
dense and diffusion barrier layer that prevents the coating from further oxidation. Vaz et al. conducted a complete
study of the oxidation of Til_«AIxN coatings with various Al contents, from x = 0.38 to x = 0.81 [24]. They found, by mean of
Rutherford Backscattering Spectrocopy (RBS) ana- lysis, that coatings with low Al contents were mainly composed of
r- TiO2 and AI203 oxides after oxidation at temperatures above 750 °C. These results are consistent with our
observations of Ti0.92AIl0.08N. As our coating is mainly composed of titanium nitride, we obviously found almost
only r-TiO2 in the Ti0.92AI0.08N after 1 h of oxidation at 850 °C. The presence of this phase from 500 °C and the
complete oxidation of the coating after annealing at 800 °C are consistent with the results obtained for fcc-TiN
coatings [25]. The low Al content in our Ti0.92Al0.08N seems to be insufficient to significantly increase the oxi-
dation resistance compared to fcc-TiN. Rutile-TiO2 is known as a non- protective and porous oxide. The growth of
this oxide can cause the appearance of cracks, due to the difference in molar volume between r- TiO2 and fcc-TiN
[9,24]. These cracks act as preferential pathways for oxygen diffusion and then lead to a rapid oxidation of the
coating. The presence of such mixed oxides as AI2TiO5, found in our Ti0.92Al0.08N film, has also been
reported by Chen et al. after oxidation of Til-xAIxN coatings at 1450 °C [9]. RBS analysis led by Hugon et al. on
Til-xAIXN coatings up to x =0.4 also confirms that mixed aluminum-titanium oxide can be formed during
Rapid Thermal Annealing in oxygen at 7509°C [26]. The growth of Al203 layer can prevent oxygen diffusion, and
thus explains that coating material diffraction peaks are still pre- sent for x = 0.65 to x = 0.86 after annealing at 850
°C during 1 h. The diffusion barrier character of the Al203 layer is notably demonstrated by the presence of the fcc-
TiN peaks in the Ti0.35Al0.65N coating, while coating with higher titanium content is completely oxidized under the
same conditions.
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Fig. 10. XRD patterns obtained on Ti;—AlxN coatings from x = 0.08 to x = 0.86, deposited on M2 tool steel,
after oxidation during 1 h at 850 °C.

Conclusion

Ti1—xAlN coatings with various Al contents were deposited by LPCVD at relatively high pressure (4 kPa) and low H,
flow in order to investigate the evolution of the morphology, microstructure, hardness and oxidation resistance.
Concerning the chemical composition, it was found that the evolution of Al content of the films is consistent with
thermodynamic calculations, although the experimental Al contents are higher than the calculated values. This
difference is attributed to the fcc-TiN deposition prior the deposition zone, leading to a higher AICI5/TiCl, ratio near
the substrates and consequently to coatings with a higher Al-content.
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A change in morphology was observed by increasing the Al content, from globular grains to cube-shaped grains. A
modulation of Al and Ti contents is found in all coatings. In the Tio.92Alo.0sN and TiossAloesN, this modulation occurs
mainly by forming fcc-nanolamellar grains. The formation of these lamellae even in the coating having the lowest Al
content is attributed to the deposition conditions (relatively high working pressure, low carrier gas flow), which are
closer to the thermodynamic equilibrium than the deposition conditions described in literature. The coatings with
the highest Al contents seem to be mainly composed of the hcp-AIN phase and show a micromodulation of Al and Ti
contents, forming Al-rich and Al-depleted domains. The formation of these domains can result from a competitive
consumption of AlCl; and TiCls near the substrate surface, leading to a local variation of the AICl3/TiCl, ratio.
Anincrease of the Al content in the coatings allow the formation of a dense and protective Al,Os layer, leading to
higher oxidation resistance up to 950 °Cin the films having the highest Al contents. Higher hardness (up to 27 GPa
in the coating with an Al content x = 0.65) is obtained for coatings showing the nanolamellar grains. This
relatively low value compared to those found in literature is associated to the growth of fcc-Ti(Al)N grains with
a very low Al content in the Tig3sAloesN coating. A drop in hardness (down to 20 GPa) is observed for the coatings
with the highest Al content, for which the hcp-AIN is predominant. The hardness values are lower than those
measured in literature (up to =35 GPa). These coatings are generally elaborated at lower pressure and/or higher
carrier gas flow than our coatings, al- lowing the formation of grains only composed of fcc-Al(Ti)N nanolamellae
with modulated Al and Ti contents.
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