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h i g h l i g h t s

� The nucleation of a- and j-Al2O3 can
be controlled with specific nucleation
treatments.

� a-Al2O3 is the preferred alumina
phase to be deposited without any
nucleation treatment.

� a-Al2O3 is grown epitaxially on rutile
(TiO2), with ð1

�
20Þa�Al2O3

==ð101
�
Þrutile,

ð003Þa�Al2O3
==ð010Þrutile and

½210�a�Al2O3
==½101�rutile.

� j-Al2O3 is grown epitaxially on Ti(C,
N), with ð100Þj�Al2O3

==ð1
�
1
�
1ÞTiðC;NÞ;

ð01
�
3Þj�Al2O3

==ð2
�
20ÞTiðC;NÞ and

½031�j�Al2O3
==½112�TiðC;NÞ .
g r a p h i c a l a b s t r a c t
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This work aims at understanding the nucleation and growth of alumina films grown on Ti(C,N)-based lay-
ers using an industrial-scale CVD system. Firstly, Al2O3 layer was deposited on Ti(C,N)-based layers with-
out any nucleation treatment, pure a-Al2O3 is obtained, whereas no orientation relationship at the Ti(C,
N)/a-Al2O3 layers interface can be observed. Secondly, Al2O3 layer was deposited on the bonding layer
consisting of rutile TiO2, which is obtained by oxidizing the uppermost part of Ti(C,N)-based layers.
Herein, a-Al2O3 single-phased layer is obtained, and the epitaxial growth of a-Al2O3 on rutile is observed.
The orientation relationships can be found as:ð1

�
20Þa�Al2O3

==ð101
�
Þrutile, ð003Þa�Al2O3

==ð010Þrutile and
½210�a�Al2O3

==½101�rutile. Finally, Al2O3 layer was deposited on the bonding layer, produced from a TiCl4-
H2-N2-CH4-CO-AlCl3 gas mixture. Regarding this intermediate layer, despite additions of CO and AlCl3,
no evidence for oxide phases, e.g. TiO2 and Al2O3 can be found, while Ti(C,N) needle-shaped grains
develop. In this case, j-Al2O3 is epitaxially grown on Ti(C,N), with the orientation relationships found
as:.ð01

�
3Þj�Al2O3

==ð2
�
20ÞTiðC;NÞ, ð100Þj�Al2O3

==ð1
�
1
�
1ÞTiðC;NÞ and ½031�j�Al2O3

==½112�TiðC;NÞ . Since processing
parameters for the alumina depositions were always the same, it is revealed that the nucleation of a-
Al2O3 and j-Al2O3 can be accurately controlled with deposition of specific bonding layers.
� 2022 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Coated cutting tools are widely used in the metal cutting indus-
try, in order to improve productivity and process reliability [1,2]. In
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this respect, CVD Al2O3 coatings are considered as an ideal candi-
date, owing to the beneficial combination of good chemical inert-
ness and hardness at high temperature [3–7]. CVD Al2O3 coatings
are commonly deposited from a AlCl3-CO2-H2-H2S-HCl gas mixture
[8–12]. The global process can be described by the following
reaction:

2AlCl3 (g) + 3H2 (g) + 3CO2 (g) ! Al2O3 (s) + 3CO (g) + 6HCl (

This overall reaction involves both homogeneous gas phase
reactions and heterogeneous surface reactions [13]. Additionally,
the introduction of catalyst H2S may enhance the overall reaction
rate and suppress the ‘‘dog-bone’’ effect to gain a better thickness
uniformity [13–15].

Accordingly, j-Al2O3 and a-Al2O3 are desired for cutting appli-
cations [5,6]. The metastable j-Al2O3 has an orthorhombic struc-
ture (space group Pna21Þ with lattice parameters a = 4.84 Å,
b = 8.33 Å and c = 8.95 Å, showing an –ABAC– stacking sequence
of oxygen close-packed planes along the c-axis, Al-ions occupy
both tetrahedral and octahedral interstitial sites at a 1:3 ratio
[16]. The stable a-Al2O3 has a trigonal crystal structure (space

group R 3
�
c) with lattice parameters a = b = 4.75 Å and c = 12.97

Å [17]. The structure consists of an –ABAB– stacking sequence of
oxygen close-packed planes with Al-ions in octahedral interstices.
Importantly, j-Al2O3 may transform irreversibly to a-Al2O3 result-
ing in volume contraction of about 8%, due to the heat generated
during the CVD process as well as metal cutting [18]. Furthermore,
it is found that mechanical properties of CVD a-Al2O3 coatings can
be enhanced by choosing an optimized texture for the a-Al2O3

phase [12,13]. Thus, CVD Al2O3 coatings have continuously been
optimized with respect to the phase and film texture control
[12,19,20].

Because of adhesion problems between Ti(C,N)-based layers
and Al2O3 layers, the use of bonding layers is suggested to enhance
the toughness of tools and achieve the growth control of alumina
[21–25]. Halvarsson et al show that the nucleation of j-Al2O3 is
favorably occurring on non-oxidized surfaces of Ti(C,N) [26,27].
Despite a-Al2O3 shows excellent thermal stability compared to
j-Al2O3, it is found to be difficult to be deposited directly on Ti
(C,N)-based layers [21–24]. It is also reported that deposition of
the bonding layer consisting of titanium oxides, e.g. Ti2O3 or
Ti4O7, between Ti(C,N)-based and Al2O3 layers can promote the
growth of a-Al2O3 [5,6]. However, the basic mechanisms explain-
ing why the nucleation of a-Al2O3 is favored by different oxidizing
treatment steps and bonding layers are not well known.

In this work, three Al2O3 coatings without and with bonding
layers corresponding to samples: A, B and C were performed.
Two other coatings corresponding to samples: B1 and C1 were
stopped after synthesis of the bonding layers B and C. Firstly, X-
ray diffraction was used for phase identification. The surface mor-
phologies were observed by scanning electron microscopy (SEM),
and the film cross-sectional microstructures were investigated by
transmission electron microscopy (TEM). The orientation relation-
ships at the Ti(C,N)/Al2O3 or bonding/Al2O3 layers interface were
studied by high resolution transmission electron microscopy
(HRTEM).
2. Materials and methods

2.1. Sample preparation

All coatings were deposited on cemented carbide substrates
(WC-Co 6 wt%) mirror polished (1 lm diamond slurry), using an
industrial-scale low-pressure CVD system (Ionbond BernexTM

BPXpro 325S). The global process has been described in a previous
2

work [28]. The device is mainly composed of five systems: reactor
chamber, gaseous precursors supply system, liquid precursors
(TiCl4 and CH3CN) supply system, AlCl3 generator and by-
products treatment system, note that the in-situ chlorination of
Al-pellets generates almost only AlCl3 and its dimer Al2Cl6 under
experimental conditions used [28]. The detailed parameters are
given in Table 1.

The multilayered coatings consist of a 0.5 lm-thick TiN inner
layer, followed by a 2.5 lm-thick medium temperature Ti(C,N)
layer, a 0.5 lm-thick high temperature Ti(C,N) layer, and a 4 lm-
thick Al2O3 layer. The so-called medium temperature Ti(C,N)
(MT-Ti(C,N)) layer was deposited at 850 �C from a TiCl4-CH3CN-
H2-N2 gas mixture, whereas the high temperature Ti(C,N) (HT-Ti
(C,N)) layer was deposited at 1005 �C form a TiCl4-CH4-H2-N2 gas
mixture.

In sample A, Al2O3 top layer was deposited on Ti(C,N)-based
layers without any nucleation treatment. On the contrary, Al2O3

layer in sample B was deposited on the bonding layer B, which
was obtained by oxidizing the uppermost part of the HT-Ti(C,N)
layer using CO2. Al2O3 layer in sample C was deposited on the
bonding layer C, which was produced from a TiCl4-H2-N2-CH4-
CO-AlCl3 gas mixture. Two other coatings (samples B1 and C1)
were stopped after synthesis of the bonding layers B and C.
2.2. Characterization

X-ray diffraction (XRD) studies were carried out using a Bruker
D8 Advance diffractometer operating at 40 kV/40 mA with Ka radi-
ation of Cu (k Ka1 = 1.54059 Å and k Ka2 = 1.54443 Å), phase iden-
tifications were conducted in Bragg-Brentano geometry with a step
size of 0.02� for a 2h-range from 20� to 60�. The peak positions
were determined by fitting the diffraction peaks with Pseudo-
Voigt function after Ka2 stripping. The software MAUD was used,
the instrumental effect has been considered. For clarity, the stan-
dard material� 640d is used as reference to determine the instru-
mental contribution, as the crystallite size of the standard
material is known.

The surface morphologies were observed by scanning electron
microscopy (SEM) using a Zeiss Gemini 500. Transmission electron
microscopy (TEM) analyses were performed in a JEOL JEM-ARM
200F Cold FEG TEM/STEM equipped with a spherical aberration
(Cs) probe corrector operating at 200 kV. STEM micrographs were
obtained using high angle annular dark field (HAADF) detectors.
Electron energy loss spectroscopy (EELS) analyses were performed
for differently grown layers. The orientation relationships at the Ti
(C,N)/Al2O3 layers interface were investigated by high-resolution
transmission electron microscopy (HRTEM). Prior to TEM investi-
gations, all cross-sectional thin foils were prepared using a FIB/
SEM FEI Helios NanoLab 600i equipped with platinum gas injection
system. FIB column used a gallium liquid metal ion source operat-
ing at an accelerating voltage up to 30 kV, and a Pt-layer was
deposited to protect the sample surface, using the commercial
FEI MeCpPtMe3 precursor.
3. Results and discussion

3.1. X-ray diffraction

The X-ray diffractograms of samples A, B, B1, C and C1 are
shown in Fig. 1 (a) – (e). As for sample B1, it was stopped after syn-
thesis of the bonding layer B. Since the bonding layer is thin (ap-
prox. 100 nm), peaks corresponding to titanium oxides in the 2h
region investigated exhibit insufficient intensity. To highlight the
growth of rutile, sample B1 was investigated by TEM, the SAED
pattern is presented in Supplementary Fig. S1.



Table 1
The detailed processing parameters are given, a series of coatings were performed: sample A: TiN/MT-Ti(C,N)/HT-Ti(C,N)/Al2O3 sample B: TiN/MT-Ti(C,N)/HT-Ti(C,N)/bonding
layer B/Al2O3 sample B1: TiN/MT-Ti(C,N)/HT-Ti(C,N)/bonding layer B sample C: TiN/MT-Ti(C,N)/HT-Ti(C,N)/bonding layer C/Al2O3 sample C1: TiN/MT-Ti(C,N)/HT-Ti(C,N)/bonding
layer C.

TiN MT-Ti(C,N) HT-Ti(C,N) bonding layer B bonding layer C Al2O3

Temperature (�C) 900 850 1005 1005 1005 1005
Pressure (mbar) 70 70 70 70 70 70
Time (min) 40 60 20 20 20 150
H2 (vol.%) balance
N2 (vol.%) 39.6 20.3 18.4 - 9.2 -
TiCl4 (vol.%) 1.3 2.4 1.4 - 1.2 -
CH3CN (vol.%) - 0.8 - - - -
CH4 (vol.%) - - 3.4 - 2.2 -
CO2 (vol.%) - - - 3.8 - 4.0
CO (vol.%) - - - - 0.9 -
AlCl3 (vol.%) - - - - 0.4 1.6
HCl (vol.%) - - - - - 2.0
H2S (vol.%) - - - - - 0.3
Total gas flow (L.min-1) 33.8 26.1 32.5 26.0 32.5 25.0

Fig. 1. X-ray diffractograms of samples A, B, B1, C and C1.
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As shown in Fig. 1, the WC phase and the Ti(C,N) phase are
indexed by the ICDD powder diffraction files 01-073-9900 and
01-071-6059, respectively. Ti(C,N) (111) and (200) peaks neigh-
bour closely two other reflections belonging to the TiN layer under-
neath, minor overlaps near the baseline among these reflections
are observed. Additionally, since the main advantage of the MT-
CVD Ti(C,N) process is the suppression of interfacial g-phase, e.g.
W3Co3C or W6Co6C, which is not detected, consistent with earlier
studies [29–31].

Without any nucleation treatment, pure a-Al2O3 is obtained in
sample A (see Fig. 1 (a)). It is shown that the deposition of bonding
layer B also leads to the growth of a-Al2O3 (see Fig. 1 (b)). Further-
3

more, it is revealed that the deposition of bonding layer C promotes
the nucleation of j-Al2O3 in sample C (see Fig. 1 (d)). Sample C1
was stopped after synthesis of the bonding layer C, no evidence
for oxide phases can be found herein. The a-Al2O3 and j-Al2O3

phases are indexed by the ICDD powder diffraction files 00-046-
1212 and 00-052-0803, respectively.

3.2. Surface morphology

Fig. 2 (a) – (c) show the surface morphologies of samples A, B
and C, samples A and B exhibit similar morphologies composed
of small facetted grains. Previous studies found that the j- to a-



Fig. 2. SEM micrographs (a) – (c) showing surface morphologies of samples A, B and C. Some twin-related defects (black arrows) of j-Al2O3 are observed in the SEM
micrograph (c).
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Al2O3 phase transformation often occurs, this process depends
strongly on the deposition time and temperature [2,22,32]. It is
also observed that the a-Al2O3 obtained through the phase trans-
formation exhibits relatively large equiaxed grains [2]. In addition,
thermal stability of j-Al2O3 coatings was studied previously by
heat treatment at 1000 �C, while argon (Ar) was used as a carrier
gas, it is found that the phase transformation started at 70 min
[33]. However, neither diffraction peak originating from j-Al2O3

(see Fig. 1 (a) and (b)), nor large equiaxed grains can be observed
(see Fig. 2 (a) and (b)). Hence, no phase transformation can be
expected in samples A and B. Meanwhile, twin-related defects typ-
ically present in j-Al2O3 are visible in the SEM micrograph of sam-
ple C (see Fig. 2 (c)), in agreement with an earlier study [19].

3.3. Microstructural analyses

Fig. 3 (a) is a cross-section STEM HAADF micrograph of sample
A, and Fig. 3 (b) shows EELS mapping acquired from the dashed
square indicated in (a). Since acetonitrile (CH3CN) is considered
as the single carbon and nitrogen feeding source, it is generally
accepted that the C/(C + N) ratio of MT-Ti(C,N) coatings is almost
independent from deposition parameters and it is typically around
0.5 [34,35]. However, the chemical composition of HT-Ti(C,N) coat-
ings is highly reliant on CH4 and N2 contents in the gas mixture
[36]. Herein, a relatively low CH4/N2 ratio was used for the deposi-
Fig. 3. (a) STEM HAADF micrograph showing a cross-section of sample A. (b

4

tion of the HT-Ti(C,N) layer. Therefore, the MT-Ti(C,N) layer is
carbon-rich and the HT-Ti(C,N) layer is nitrogen-rich, as shown in
Fig. 3.

Fig. 4 (a) shows a cross-section TEM BF image of sample A, and
Fig. 4 (b) is a TEM BF image with lower magnification to present
the entire Al2O3 layer, which is approximately 4 mm-thick. Fig. 4
(b.1) is a SAED pattern acquired from the pink circle area indicated
in Fig. 4 (b). This diffraction pattern evidences the formation of a-
Al2O3. Fig. 4 (c) shows a TEM BF image acquired from the red circle
area indicated in Fig. 4 (a), at the HT-Ti(C,N)/a-Al2O3 layers inter-
face. Fig. 4 (c.1) and (c.2) present SAED patterns acquired from
the pink and green circle areas indicated in Fig. 4 (c), a-Al2O3 is
grown on the HT-Ti(C,N) layer. Furthermore, detailed analysis
was carried out using high resolution transmission electron micro-
scopy (HRTEM), but no orientation relationship at the HT-Ti(C,N)/
a-Al2O3 layers interface can be highlighted.

As mentioned beforehand, the metastable j-Al2O3 phase should
be the preferred alumina phase grown on non-oxidized surfaces of
Ti(C,N), with the epitaxial growth of {001} j-Al2O3 close-packed
planes on {111} Ti(C,N) [19,21]. Apparently, it is not always the
case. It is also reported that the j- to a-Al2O3 phase transformation
initiated at free surfaces, e.g. interfacial voids, often occurs in a CVD
reactor resulting in pronounced cracking [2]. However, no visible
cracking along the grain boundaries can be observed. Thereby,
the phase transformation is ruled out, and it can be speculated that
) EELS mapping obtained from the black dashed square indicated in (a).



Fig. 4. (a) TEM BF image showing a cross-section overview of sample A. (b) TEM BF image with lower magnification to present the entire Al2O3 layer. (c) TEM BF image
acquired from the red circle area at the interface indicated in (a). (b.1), (c.1) and (c.2) are selected area electron diffraction (SAED) patterns corresponding to differently grown
layers. (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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since a-Al2O3 is the most thermodynamically stable phase, it is
favorably occurring with the deposition conditions used in the cur-
rent study.

Fig. 5 (a) is a cross-section STEM HAADF micrograph of sample
B, and Fig. 5 (b) shows EELS mapping acquired from the black
dashed square indicated in Fig. 5 (a). From EELS analyses, the bond-
ing layer B consisting of TiO2 is highlighted between the HT-Ti(C,N)
and Al2O3 layers. As the deposition parameters were always the
same for Ti(C,N)-based layers, the carbon-rich MT-Ti(C,N) and
nitrogen-rich HT-Ti(C,N) layers are evidenced.
Fig. 5. (a) STEM HAADF image showing a cross-section of sample B. (b) E

5

Fig. 6 (a) shows a cross-section TEM BF image of sample B,
almost the entire Al2O3 layer is composed of large columnar grains.
It is reported that the grain refinement at the start of a-Al2O3

growth can be achieved by the oxidizing treatment using a gas
mixture of CO2 and CO [15]. Herein, the uppermost part of the
HT-Ti(C,N) layer was oxidized without CO, few small grains can
thus be observed, whereas some interfacial voids are found at
the bonding/a-Al2O3 layers interface indicated by black arrows in
Fig. 6 (a). It is assumed that the volume contraction of the order
of 25–30% associated with the phase transformation of titanium
ELS mapping acquired from the black dashed square indicated in (a).



Fig. 6. (a) TEM BF image showing a cross-section overview of sample B. Some porosity at the interface are observed (indicated by arrows). (b) and (d) TEM BF images showing
the a-Al2O3 and HT-Ti(C,N) layers. (c) TEM BF image acquired from the red area at the bonding/a-Al2O3 layers interface indicated in (a). (b.1)-(d.1) SAED patterns
corresponding to different layers. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

M. Zhu, S. Achache, Mélanie Emo et al. Materials & Design xxx (xxxx) 110601
oxides, due to the interdiffusion of the bonding and Ti(C,N)-based
layers [6,15].

Fig. 6 (b) presents a TEM BF image of Al2O3 layer near the coat-
ing surface, and Fig. 6 (b.1) is a SAED pattern acquired from the
pink circle area indicated in Fig. 6 (b). Fig. 6 (c) shows a TEM image
at the bonding/a-Al2O3 layers interface acquired from the red cir-
cle area indicated in Fig. 6 (a). As shown in Fig. 6 (c.1) and (c.2),
SAED patterns reveal the growth of a-Al2O3 on the rutile bonding
layer. Titanium dioxide (TiO2) crystallizes primarily in three differ-
ent phases, rutile, anatase and brookite, among which rutile state
(tetragonal, space group P42/mnm, with lattice parameters a = b =
4.59 Å and c = 2.96 Å) is the most stable one [37]. Herein, sample
B1 was stopped after synthesis of the bonding layer B, and the
growth of rutile is evidenced (see Supplementary Fig. S1).

Fig. 7 (a) shows a TEM image at the bonding/a-Al2O3 layers
interface, the rutile bonding layer is approximately 107 nm-thick.
Fig. 7 (b) is a HRTEM image obtained from the yellow square indi-
cated in Fig. 7 (a), where the epitaxial growth of a-Al2O3 on rutile is
observed. As a-Al2O3 and TiO2 rutile structures can be both consid-
ered as being composed of close-packed oxygen layers with cations
distributed in octahedral sites, the atomic arrangement are sur-
mised to play a critical role in controlling the properties of the
stack a-Al2O3/rutile during the initial growth stages of a-Al2O3

[38]. Fig. 7 (c) and (d) illustrate the epitaxial relationships at the
rutile/a-Al2O3 interface. Similar relationships have also been
reported previously, where rutile thin films are epitaxially grown
on a-Al2O3 substrates by reactive ionized cluster beam deposition
6

(RICBD) or metalorganic chemical vapor deposition (MOCVD) [38–
40]. Although different deposition techniques are used, the epitax-
ial growth at the a-Al2O3/rutile interface is always highlighted.

Firstly, the lattice mismatch for ð101
�
Þrutile and ð1

�
20Þa�Al2O3

with
the in-plane orientations ½101�rutile and ½210�a�Al2O3

is low, less than
a few percent [38]. Meanwhile, according to the structural mis-
match schema at the rutile/a-Al2O3 interface proposed by Daneu
et al, an ideal fitting region is shown, while an A- (or B-) type oxy-
gen layer of a-Al2O3 faces an A- (or B-) type oxygen layer of rutile
[41]. Secondly, it is found that rutile film consists of three equal
domains rotated by 120� [37]. The reason behind this particular
arrangement is that a tetragonal unit cell with a 2-fold symmetry
matches with a hexagonal unit cell with a 3-fold symmetry in
the stack rutile/a-Al2O3. It is shown that [101] direction of
ð010Þrutile can orient with any of the three equivalent [210] direc-
tions of ð001Þa�Al2O3

[40]. Thus, the orientation relationships exper-
imentally found can now be explained.

Fig. 8 (a) shows a cross-section STEM HAADF micrograph of
sample C, Fig. 8 (b) presents EELS mapping acquired from the black
square indicated in Fig. 8 (a). As shown in Fig. 8 (a), no evidence for
oxide phases can be found at the bonding/Al2O3 layers interface,
while Ti(C,N) needle-shaped grains are observed. It is reported that
CO addition results in the incorporation of oxygen into the Ti(C,N)
phase leading to the microstructure refinement, but the C/N ratio
and the lattice parameter of the Ti(C,N) phase will not be affected
[1]. However, EELS analysis shows that no evidence for oxide



Fig. 7. (a) TEM BF image showing the bonding/a-Al2O3 layers interface of sample B. (b) HRTEM image acquired from the yellow square indicated in (a). (c) and (d) Fast
Fourier Transform (FFT) images obtained from the blue (bonding layer) and red (a-Al2O3 layer) dashed squares indicated in (b), the orientation relationships are illustrated by
yellow dashed lines. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. (a) STEM HAADF image showing a cross-section of sample C. (b) EELS mapping acquired from the black square indicated in (a).

M. Zhu, S. Achache, Mélanie Emo et al. Materials & Design xxx (xxxx) 110601
phases can be detected in the bonding layer. Hence, it is believed
that the microstructure of bonding layer C is more likely depen-
dent on the deposition temperature and the CH4/N2 ratio of the
gas mixture used, according to Cheng et al [36].

Fig. 9 (a) shows a cross-section TEM BF image of sample C, and
Fig. 9 (b) is a TEM BF image with lower magnification to present
the Al2O3 layer near the coating surface. Fig. 9 (b.1) is a SAED pat-
tern acquired form the orange circle area indicated in Fig. 9 (b). It is
shown that pure j-Al2O3 is obtained. Fig. 9 (c) shows a TEM BF
image acquired from the red area indicated in Fig. 9 (a). Fig. 9
(c.1) and (c.2) are micro-diffraction and SAED patterns acquired
7

form the blue (bonding layer C) and orange (j-Al2O3 layer) circle
areas at the interface indicated in Fig. 9 (c), which confirm the
nucleation of j-Al2O3 on Ti(C,N) (bonding layer C). Since Ti(C,N)
needle-shaped grains are extremely fine, the superposition of spots
could falsify the result, the micro-diffraction was used.

Fig. 10 (a) shows the TEM image at the bonding/j-Al2O3 layers
interface, Ti(C,N) needle-shaped grains are observed. Fig. 10 (b) is
the HRTEM image obtained from the yellow dashed square indi-
cated in Fig. 10 (a). Fast Fourier Transform (FFT) images acquired
from the green, blue and red dashed squares indicated in Fig. 10
(b) are shown in Fig. 10 (c)-(e), it is shown that Ti(C,N) needle-



Fig. 9. (a) TEM BF image showing a cross-section overview of sample C, needle-shaped grains developed at the bonding/j-Al2O3 layers interface. (b) and (d) TEM BF images
showing the j-Al2O3 and HT-Ti(C,N) layers. (c) TEM BF image obtained from the red circle area at the bonding/j-Al2O3 layers interface indicated in (a). (b.1)-(d.1) SAED
patterns corresponding to differently grown layers. (c.2) Micro-diffraction image of the bonding layer. (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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shaped grains consist of twin-related domains with the growth of
parallel {111} planes.

Fig. 11 (a) shows the TEM BF image at the bonding/j-Al2O3 lay-
ers interface. Fig. 11 (b) presents the HRTEM image acquired from
the red square indicated in Fig. 11 (a). Fig. 11 (c) and (d) are FFT
images acquired from the blue and orange squares indicated in
Fig. 11 (b). As has been discussed by Liu et al, the oxygen sub-
lattice in j-Al2O3 with an –ABAC– stacking sequence has the space
group P63/mmc, and the positions of Al-ions reduce the symmetry
to Pna21 [16]. Several studies show that alumina deposition on TiN
{111} planes yields generally the epitaxial growth of {001} j-
Al2O3 close-packed planes, with directions parallel in these two
phases, e.g. ½010�j�Al2O3

==½110�TiN, the misfit is about 9% [26,27].
According to Halvarsson et al, if oxygen ions occupy A-positions,
titanium ions can be placed in interstitial B- or C-positions on
the close-packed oxygen plane, TiN crystals can be formed with
an –ABCABC– or –ACBACB– stacking sequence [26]. It is similar
to that found in Fig. 9 (c.1) and (c.2), the orientation relationships

can be expressed as: ð001Þj�Al2O3
==ð1

�
11ÞTiðC;NÞ and

½010�j�Al2O3
==½101�TiðC;NÞ. The atomic arrangement schema of (001)

j-Al2O3 created by software VESTA is given in Supplementary
Fig. S2.
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Furthermore, the epitaxial growth at the lateral interface of
bonding layer C is also observed, with different orientation rela-

tionships found as: ð100Þj�Al2O3
==ð1

�
1
�
1ÞTiðC;NÞ;

ð01
�
3Þj�Al2O3

==ð2
�
20ÞTiðC;NÞ and ½031�j�Al2O3

==½112�TiðC;NÞ. It is reported
earlier that the surface morphology of bonding layer may be
responsible for the phase composition of Al2O3 [15,42]. It shows
that when the bonding layer consists of needle shaped grains, with
needles almost parallel to the deposition direction, the nucleation
of a-Al2O3 is favored. Conversely, the formation of a nano-
transition needle-like phase is also proved to promote the growth
of j-Al2O3 [4]. Thereby, it is believed that the effect of surface mor-
phology of bonding layers can be discarded. To verify the orienta-
tion relationships, the arrangement of O-atoms in the plane
ð100Þj�Al2O3

along the direction [031] and Ti-atoms in the plane

ð1
�
1
�
1ÞTiðC;NÞ along the direction [112] are illustrated by VESTA

(see Fig. 12), and the Crystallography Open Database files
1,000,442 and 1,540,253 corresponding to j-Al2O3 and Ti(C,N)
phases are used. It is speculated that the crystallographic arrange-
ment may control the properties of the stack j-Al2O3/Ti(C,N) dur-
ing the initial growth stage of j-Al2O3. The distance between every
two O-atoms and Ti-atoms at the interface is calculated and pre-



Fig. 10. (a) TEM BF image showing the bonding layer of sample C composed of fine needle-shaped grains. (b) HRTEM image obtained from the yellow area indicated in (a),
and the twin boundary can be seen from the bottom left corner to the top right corner. (c)-(e) Fast Fourier Transform (FFT) images along [112] projection, obtained from
dashed squares indicated in (b). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 11. (a) TEM BF image showing the bonding layer of sample C. (b) HRTEM image obtained from the red square area indicated in (a). (c) and (d) Fast Fourier Transform (FFT)
images acquired form the blue (bonding layer C) and orange (j-Al2O3 layer) square areas indicated in (b), the orientation relationships are illustrated by yellow dashed lines.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

M. Zhu, S. Achache, Mélanie Emo et al. Materials & Design xxx (xxxx) 110601
sented in Fig. 12, the mismatch is about 7%, and slightly lower mis-

match is obtained for ð01
�
3Þj�Al2O3

and ð2
�
20ÞTiðC;NÞ. Hence, the basic

mechanism explaining why the nucleation of j-Al2O3 is favored in
sample C can be clearly explained.
9

4. Conclusions

In this work, a series of CVD Al2O3 coatings were deposited
without (sample A) and with different bonding layers (samples B



Fig. 12. Schematic crystallographic arrangement of O-atoms in the plane ð100Þj�Al2O3
along the direction [031], and Ti-atoms in the plane ð1

�
1
�
1ÞTiðC;NÞ along the direction

[112].
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and C). Two other samples B1 and C1 were stopped after synthesis
of the bonding layers B and C. The interfacial microstructures were
investigated in detail, and main results can be summarized as
follows:

(1) The Al2O3 layer in sample A was deposited on the non-
oxidized HT-Ti(C,N) layer, pure a-Al2O3 is obtained, but no
orientation relationships at the interface can be observed.
Thus, it can be concluded that a-Al2O3 is the preferred alu-
mina phase to be deposited with the deposition conditions
used in this work, as it is the most thermodynamically stable
phase.

(2) The Al2O3 layer in sample B was deposited on the bonding
layer B consisting of rutile, a-Al2O3 is epitaxially grown on
rutile, and the orientation relationships can be expressed

as: ð1
�
20Þa�Al2O3

==ð101
�
Þrutile, ð003Þa�Al2O3

==ð010Þrutile and
½210�a�Al2O3

==½101�rutile.
(3) Regarding sample C, pure j-Al2O3 is obtained, due to the epi-

taxial growth of j-Al2O3 on Ti(C,N) with the epitaxial relation-

ships found as: ð100Þj�Al2O3
==ð1

�
1
�
1ÞTiðC;NÞ; ð01

�
3Þj�Al2O3

==

ð2
�
20ÞTiðC;NÞ and ½031�j�Al2O3

==½112�TiðC;NÞ. It is believed that it
is necessary to satisfy the epitaxial growth of j-Al2O3 on Ti
(C,N) to promote the nucleation of j-Al2O3, otherwise, a-
Al2O3 is the preferred alumina phase to be deposited with
the deposition conditions used.

(4) Since processing parameters for the alumina deposition were
always the same, and the epitaxial growth of a-Al2O3 on rutile
as well as that of j-Al2O3 on Ti(C,N) are evidenced, it is revealed
that the nucleation of a-Al2O3 and j-Al2O3 can be accurately
controlled with different treatments of the nucleation surface.
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