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ARTICLE INFO ABSTRACT

Keywords: This work concerns high Al-containing TiyAl; \N coatings prepared using low pressure-chemical vapour depo-
HRSTEM sition (LP-CVD). The coatings were examined using electron microscopy techniques, such as scanning trans-
Nanolamellae = mission electron microscopy (STEM), energy dispersive X-ray analysis (EDX) and transmission Kikuchi
]_;zxfl]z THAIN/TiN diffraction (TKD). An intermediate TiN-layer with a (211) texture consisting of twinned, needle-shaped grains
Growth model influences the subsequent growth of the TiAIN layer. The TiAIN grains were columnar with a texture of (211). As

the grains grow along (111), with {001} facets, this led to a tilted pyramid surface morphology. The grains
developed an internal periodic epitaxial nanolamella structure. The thicknesses were 2 nm for the low (x = 0.6)
and 6 nm for the high (x = 0.9) Al-containing lamellae. The TiAIN layer growth could be described by a “two-
wing” model, where two TiAIN grains with a twin-related orientation grow on a twinned TiN grain, where the
two TiAIN grains gradually switch sides, making the appearance of two wings of columnar grains. In general, this
work shows that it should be possible to control the growth of TiAIN layers by controlling the texture and

morphology of an intermediate layer, such as TiN.

1. Introduction

Coated tool inserts are widely used in metal cutting applications
like turning, milling, parting and grooving. Cemented carbide is often
used as substrate material, mainly containing tungsten carbide and a
cobalt-rich binder phase [1]. To increase cost efficiency and produc-
tivity, as well as process reliability, hard coatings are deposited on the
substrates [2]. Metastable Ti;_xAlxN with a cubic crystal structure is
established as an excellent material for cutting tool applications,
exhibiting high hardness, high wear resistance and low oxidation rate
[3]. It has been reported that an increase of the Al content in Ti; xAlyN
improves its hardness and high-temperature oxidation resistance [4].
Ti; xAlkN prepared using physical vapour deposition (PVD), in which x
is below ~0.65, can undergo spinodal decomposition during annealing
above ~800 °C, forming coherent cubic-phase c-TiN and c-AIN nano-
sized domains. During further thermal treatment above ~1200 °C, c-

* Corresponding author.
E-mail address: mats.halvarsson@chalmers.se (M. Halvarsson).

https://doi.org/10.1016/j.surfcoat.2021.127361

AIN transforms into stable wurtzite crystal structure w-AIN, which
results in coating softening and hardness decay [5].

Cubic Ti; xAlxkN coatings with high Al content of x > 0.8 have been
successfully deposited via low-pressure chemical vapour deposition
(LP-CVD), by using highly chemically reactive NH3; gas and the
TiCl4—AlCl3-Hy precursor system at temperatures below 850 °C [6].
These single cubic phase c-Ti; AN coatings with a higher aluminium
content are receiving increased attention, and considerable efforts
have been devoted to address their performance by understanding
their microstructure. One key approach is to control the preferred
orientation in the coatings. Paseuth et al. produced Al-rich c-Tij xAl,N
coatings with controllable preferred crystal orientations using LP-
CVD in an industrial plant [7]. They found that the hardness of the
c-Ti; xAlkN coatings varied from 33 to 36 GPa, depending on whether
the preferred orientation was (100) or (111). Furthermore, Ruppi
suggested that the life of an a-Al;O3 coating with (0001)-preferred
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orientation was double that of a coating with random orientation
during a machining operation [8]. Thus, controlling and under-
standing the preferred growth orientations in c-Ti; xAlyN coatings can
facilitate delineation of guidelines for developing high-performance
tools.

An interesting feature that has been observed in the CVD c-Ti; xAkN
grains is the presence of more or less periodic TiAIN nanolamellae with an
alternating Al/Ti ratio [7,9-13]. These formations are believed to be
caused by oscillatory surface reactions during deposition and/or spinodal
decomposition [7,8]. Recently [14] it was shown that it is possible to tune
the nanolamella periodicity by using a rotational gas supply, creating a
periodic change in the local deposition conditions. It has also been shown
[13] that these nanolamella structures break down at high gas flow rates
and the normally columnar TiAIN grain structure disappears.

Wear resistant coatings usually have a multilayer architecture,
wherein TiN is the first layer deposited onto the cemented carbide
substrate. It exhibits a good adhesion and serves as a nucleation layer
for the subsequent layer. This TiN layer cannot inherit any texture
from the randomly oriented WC grains in the cemented carbide sub-
strate, but Chen et al. reported that TiN may have different textures,
depending on the deposition temperature and nitrogen concentration
[15]. It is obvious that the texture of TiN affects its growth, such as
grain size and grain shape. Therefore, it is important to understand the
microstructure and morphology of the TiN layer in order to enable
controlled growth of the following layers, such as Ti; xAlyN.

Also, the presence of the relatively small mismatch of ~4% between
the lattice parameters of c-TiN (a = 4.24 A) and c-Tig.2Alp gN (a = 4.08
A, calculated by linear interpolation using a = 4.045 A for cubic AIN
[16]) is expected to generate strain at the interface between the two
phases in the case of cube-on-cube epitaxy [9,17]. This strain may cause
a decrease of the adhesion of the TiAIN layer to the TiN layer that could
considerably reduce the wear resistance of the tool. Thus, it is important
to investigate factors that may influence the adhesion between different
materials used in hard coatings.

TiAIN layers are used on commercial tool inserts and have been
found to exhibit enhanced resistance against wear in intermittent cut-
ting, especially during high-speed machining of steels. However, the
details of the TiAIN composition, microstructure and residual stress
remain unclear, especially when using CVD. It is crucial to understand
how the atomic structure changes with the deposition conditions, as well
as the mechanisms responsible for nanolamella formation. Also, it is
useful to understand the reasons behind different morphologies and how
the TiN layer affects the growth (texture) of TiAIN. It should be under-
lined that the interpretation of electron diffraction patterns and high-
resolution transmission electron microscopy (HRTEM) imaging in
complex systems formed by light and heavy elements (N; Al; Ti) is a
delicate undertaking that should be accompanied by spectroscopic
techniques to correlate structural information to elemental chemical
analysis. Thanks to recent progress in aberration correction, atomic
resolution can nowadays be achieved in 2D using high angle annular
dark field scanning transmission electron microscopy (HAADF-STEM)
[18,19] enabling structure characterisation at the atomic scale [20,21].
However, one should not forget that these results are only 2D projections
of a three-dimensional (3D) object.

In the present work, we use a combination of HAADF-STEM and
energy dispersive X-ray spectrometry (EDX) to probe the atomic
structure of a wear resistant coating comprising a cubic Ti; xAlyN with
a specific preferential (211) crystallographic texture, deposited on the
top of a TiN layer, which was deposited onto a cemented carbide
substrate. The coating was fabricated via LP-CVD in an industrial
plant, using an AlCl3-TiCl4~-NH3-Ar-H; precursor system. Based on
the results of atomic scale structural imaging and chemical micro-
analysis, the crystal orientation relationship between TiN and TiAIN
was identified, together with the influence on the subsequent growth
of TiAIN. To our knowledge, this is the first time that the growth
mechanism of TiAIN is described in relation to the TiN structure.
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2. Materials and methods
2.1. Materials

This study concerns coated cutting tool inserts consisting of a sub-
strate of cemented carbide, mainly containing tungsten carbide and a
cobalt-rich binder phase, and a layered wear resistant coating having a
thickness of about 5 pm. A TiN layer was deposited onto a polished
cemented carbide substrate at a temperature of 850 °C and a pressure of
150 mbar in an industrial scale LP-CVD reactor using TiCly, N3, and Hp
reaction gases. Then, a TiAIN layer was deposited immediately on top of
TiN without any intermediate layer. The layer of titanium aluminium
nitride, Ti; xAlyN was deposited at a reaction temperature of 700 °C and
a pressure below 20 mbar. The deposition time was 67 min. The pre-
cursors were supplied into the CVD reactor by a rotating gas supply
(from the centre) with a rotation speed of 5 rpm. The simplified overall
deposition reactions for TiN and TiAIN are as follows:

TiN : TiCli(g) +0.5 Na(g) +2 Ha(g) = TiN(s) +4 HCl(g)

Tiy L ALN : (1-x) TiCly(g) +x AICh (g) + NHs (g)
+(0.5-0.5x) Hy(g)—Tii_xALN(s) + (4-x) HCI(g)

2.2. Materials analysis

The morphology and cross-sections of the inserts and the general
coating appearance, including coating uniformity, were studied using
scanning electron microscopy (SEM) in an FEI Versa 3D, which is a
combined FIB/SEM system (FIB = Focussed lon Beam), equipped with a
field emission gun (FEG). SEM images were recorded at an accelerating
voltage of 2 kV. No coatings were applied to the specimens. To deter-
mine the texture X-ray diffraction (XRD) pole figure measurements were
done on a XRD3003 PTS X-ray diffractometer of GE Sensing and In-
spection Technologies using CuKa-radiation. The X-ray tube was run in
point focus at 40 kV and 40 mA. A parallel beam optic using a poly-
capillary collimating lens with a pinhole of either 1 or 2 mm diameter as
measuring aperture was used on the primary side. On the secondary side
a Soller slit with a divergence of 0.4° and a 25 pm thick Ni K filter was
used. For the fcc-TiAIN layer{111} pole figures were measured at 26
angles of 38.266° at tilt angles of 0° < a < 80° in increments of 5° and
azimuth angles of 0° < B < 360° in increments of 5°. No defocussing
correction was applied.

For TEM sample preparation, the FIB/SEM system was used. It is
equipped with a liquid gallium ion source and a system for ion- and
electron-assisted deposition of Pt. With the aid of this system, cross
sections were prepared as thin lamellae from the CVD coating by an in-
situ lift-out technique and thinned to sufficient electron transparency
(<100 nm).

Electron backscatter diffraction (EBSD) was performed on the sample
surface in order to obtain an overview of the grain orientations with
respect to the growth direction of the coating. An initial attempt was made
to perform EBSD on unprepared sample surfaces that consisted of small
pyramids. However, since the surface roughness led to low indexing of the
Kikuchi patterns, the sample surfaces were prepared using FIB milling at a
low incident angle at a voltage of 15 kV and a current of 500 pA in order to
obtain a flat surface and improve the indexing ratio. EBSD was performed
using an HKL Channel 5 system and an acceleration voltage of 20 kV and
1.5 nA current over an area of approx. 12 x 8 pmz using a step size of 50
nm. Transmission Kikuchi diffraction (TKD) was performed at 30 kV and
30 nm step size on an electron transparent foil of the coating cross section.
The EBSD and TKD were performed in a TESCAN GAIA3 FIB-SEM.

TEM and STEM experiments were performed using a Cs-corrected
FEI Titan 80-300 TEM/STEM microscope equipped with a FEG source
and a monochromator, operated at 300 kV. STEM images were collected
by Bright Field (BF) and HAADF detectors. STEM images were acquired
with a probe current of ~100 pA and a convergence semi-angle of 20
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mrad and processed using the FEI TIA (TEM Imaging & Analysis) soft-
ware. Compositional analyses were conducted in STEM mode with an
Oxford X-ray energy dispersive spectrometer controlled by the TIA
software. Typical errors of the measurements are estimated to be +1 at.
%. Image processing was made with the Gatan software DigitalMicro-
graph. Stereographic projections were calculated using Ideal Microscope
software.

3. Results and discussion

3.1. General surface morphology and texture of the TiAIN coating: SEM,
EBSD

Fig. 1.a shows an SEM micrograph of the coating surface of the
investigated sample. The overview highlights that the morphology of the
TiAIN grains consists of “pyramid” grains with a size varying between
500 nm and 1 pm (Fig. 1.a). The pyramids have straight edges and are
slightly tilted away from the coating surface normal.

EBSD data were collected from the coating surface in order to identify
the TiAIN coating texture. The obtained inverse pole figure (IPF) map is
shown in Fig. 1.b and the colour legend is presented in Fig. 1.c. The
indexing rate was low due to the surface roughness, but the map shows a
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clear texture close to {111} (only blue coloured grains). Pole figures and
inverse pole figures were plotted using the data obtained in order to
determine how much the surface normal direction deviates from {111}.
The {111} pole figure shows that most of the grains have {111} oriented at
an angle from the surface normal direction (Fig. 1.d). An intensity IPF plot
made along the growth direction shows a maximum at the (211) direction,
implying that most grains are oriented close to this direction (Fig. 1.e).
Even though the statistics is limited, the data clearly indicate a (211) fibre
texture parallel to the surface normal. The angle between the (111) and
(211) directions is 19.5°. The coating phase content was checked by X-ray
diffraction (XRD). It was found that cubic TiAIN was the main phase with
only minor h-AIN being present (not shown). An XRD {111} pole figure is
shown in Fig. 1.f together with a cross section of the intensity distribution
in Fig. 1.g. The X-ray data confirm the conclusions drawn from the EBSD
analysis; the coating has a (211) texture (along the surface normal) with
{111} plane normals at an angle with respect to the coating normal.

3.2. General morphology and texture of the TiAIN cross section: SEM,
FIB, TKD

TKD data was collected from the FIB lamella in order to get infor-
mation about the crystallographic texture in the coating cross section.
The obtained band contrast reveals a columnar morphology of the TiAIN
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Fig. 1. a) SEM micrograph collected from the coating surface highlights a pyramid morphology for the TiAIN grains; b) EBSD inverse pole figure (IPF) map along the
coating normal; ¢) colour legend for the IPF map in b); d) {111} pole figure contour plot; e) IPF intensity plot along the coating normal; f) XRD {111} pole figure; g)

intensity plot across the centre of the pole figure in f.
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coating, in which the grains are slightly tilted versus the coating normal
(Fig. 2.a). The TiN coating has a fine-grained structure with a grain size
of about 100 nm, whereas TiAIN shows a distinct columnar growth with
grain widths of around 0.5 pm and heights of several microns; often the
grains extend almost all the way through the layer. The obtained IPF
map is shown in Fig. 2.b and the colour legend in Fig. 2.c. The indexing
rate was lower at the bottom part of the coating as the grain size was
smaller there. In addition, there is an unintentional hole in the sample
due to specimen preparation (ion milling), but the map still shows a
clear texture close to the (111) direction (mostly blue grains). An IPF
intensity plot along the surface normal direction shows a peak at the
(211) direction, indicating that most grains are oriented close to this
direction (Fig. 2.d). Thus, the TKD data confirms the fibre texture ob-
tained from the XRD data and the SEM/EBSD measurements on the
surface, and also shows that the texture extends throughout the whole
coating, at least for grains large enough to be indexed.

The TiAIN microstructure was further examined by various TEM
techniques in order to better understand the formation of the tilted
pyramid morphologies. Several areas were analysed in order to get good
microstructural statistics. The data from the various grains were very
similar, and typical data are shown in the next section.

3.3. General view of FIB cross section: TEM

Fig. 3 shows a cross-sectional BF-STEM micrograph of the coating
providing an overview of the TiAIN and TiN microstructures, in both cases
consisting of columnar grains. The thicknesses for TiN and TiAIN are
about 1.2 pm and 4.1 pm, respectively. Single bright and dark grains are
due to different grain orientations and thereby changing diffracting con-
ditions. For the TEM characterisation two TiAIN grains were selected,
marked by the blue and yellow arrows in Fig. 3. Both start growing as
rather narrow grains with an increasing width with increased coating
thickness. The two grains start to grow at the TiN/TiAIN interface and
continue to the coating surface. The first grain is slightly inclined with
respect to the coating normal and has a V-shaped morphology (arrow
number 1 in Fig. 3). The second grain (arrow number 2 in Fig. 3) grows
rather parallel with the coating normal (at least as viewed in the micro-
graph; it could be tilted in a perpendicular direction, out from the thin
foil), and it has a kind of zig-zag morphology. For the interface between

001 101
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Fig. 3. BF-STEM image of the cross-section FIB lift-out lamella. The numbers
indicate the investigated grains of TiAIN and TiN in this work. Number 1 and 2
correspond to an inclined and a zigzag TiAIN grain, respectively. Number 3
corresponds to a TiN grain at the TiN/TiAIN interface.

TiN and TiAIN, we investigate the grain marked by the red arrow number
3 (Fig. 3) further below.

3.4. Tilted grain

3.4.1. Microstructure and texture of TIAIN

Fig. 4.a—c shows HAADF-STEM images collected from the top pyra-
midal grain 1 of Fig. 3. A periodic alternation of bright and dark lamellae
is observed in all TiAIN grains, with thicknesses of approximately 6 nm
for dark lamellae and 2 nm for bright lamellae. The interpretation of
HRSTEM (high-resolution STEM) HAADF images is generally straight-
forward because the intensity depends on the average atomic number Z
of each atomic column as ~ Z¥, with x typically being slightly lower than
2 [22,23]. Therefore, Z-contrast imaging allows direct interpretation of

¢ TIAIN

Hole (ion beam sputtering)

101

Fig. 2. a) Band contrast TKD image of the cross section showing the columnar morphology of the TiAIN grains. b) IPF map along the coating direction. ¢) Colour
legend for the IPF map in b). d) IPF intensity plot of the TKD data along the surface normal.
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 Ti-rich

(2nm

Cubic structure

[111]

Fig. 4. a-c) HAADF-STEM images of the TiAIN microstructure formed by alternation of Ti-rich and Al-rich lamellae (camera length 195 mm). d) FFT calculated from
the HAADF-HRSTEM micrograph of Fig. 4.b. e) A schematic drawing of the cubic geometry highlighting the pyramidal shape of the three {100} faces when the cube

is oriented along [111].

atomic structure changes. Ti and Al atomic columns appear significantly
brighter in HAADF imaging than N columns, which are generally not
heavy enough to produce sufficient intensity, and are therefore not
visible. Consequently, the difference in contrast of Fig. 4.b and c rep-
resents the difference in the atomic number of Ti and Al. Since Ti has a
higher Z than Al, it is obvious that bright lamellae are richer in Ti. In
addition, the presence of an inhomogeneity within the bright Ti-rich
lamellae can be noted. These do not have a constant brightness, but
contain darker and brighter parts (green arrows in Fig. 4.b), probably
due to the lamellae not being perfectly straight and homogeneous, but
varying slightly in thickness (on the atomic scale).

Fig. 4.d shows a fast Fourier transform (FFT) calculated from the
HAADF-HRSTEM micrographs, illustrating that both phases (Ti-rich
and Al-rich) exhibit an FCC (face-centred cubic) structure (Fm3m; a =
4.08 A [9]). The vertical streaks in the FFT are artefacts produced by
the software. Since a coherent lamella microstructure was observed,
the presence of an epitaxial relationship between both FCC lamellae is
evident. Moreover, the HRSTEM image of Fig. 4.c shows the epitaxy
between both lamellae. From the FFT we can conclude that the coating
normal is along (211), while the TiAIN grain actually grows along a
(111) direction, but this is slightly inclined relative to the coating
normal. The grain starts at the underlying TiN layer and extends to the
top surface of the coating. It is obvious that the formation of the
pyramid surface morphology, having three-fold symmetry, is associ-
ated with the growth direction along (111), as was recently reported
[13,14] Fig. 4.e is a drawing of a cube oriented along a (111) direction

showing the corresponding pyramid morphology (the three {100}
faces). In the TiAIN pyramid geometry, the Ti/Al rich lamellae are
parallel to the pyramid faces, as they are parallel to {100}, see Fig. 4.

3.4.2. Chemical analysis

In order to get better insight into the chemical composition of the
material, quantitative energy dispersive X-ray spectroscopy (EDX) was
performed of both Al-rich and Ti-rich lamellae. Representative results are
shown in Fig. 5.a. Due to the very close energy for the N(K) and Ti(L)
peaks, it is very challenging to simultaneously quantify the content of Ti
and N. Therefore, only the variation of Ti and Al is taken into account for
the quantification, and no attempt to measure the N content is made.
Quantitative point EDX analysis gives a composition of about Tig 30Alg 70N
and Tig10Alp.9oN (N not measured) for Ti-rich and Al-rich lamellae,
respectively. The very good spatial resolution that makes it possible to
measure the composition of a 2 nm wide lamella can be explained by the
very small probe diameter in the Cs-corrected microscope together with a
small average atomic number of the material. Using the single scattering
model by Goldstein et al., the beam diameter at the bottom of a 50 nm
thick foil was calculated to be only 1.2 nm [24]. Typical spectra from the
two types of lamella are shown in Fig. 5. Moreover, EDX linescans were
acquired across Ti- and Al-rich lamellae (Fig. 5.b). The compositions are
Ti0_38A10.62N and Tio.loAlo_goN for Ti-rich and Al-rich lamellae, respec-
tively, and the average material composition is calculated to be
Tio.15Alo.g5N. These results are in line with [14].
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3.4.3. Strain in the TiAIN lattice

Fig. 4.a shows a few bright columnar areas inside a TiAIN grain,
perpendicular to the periodic lamellae. Since the HAADF detector gives
chemical contrast (~Zz), one might think that these bright areas are rich
in Ti. However, as shown in the HAADF images in Fig. 6.a—c, the bright
contrast can at least partly be attributed to electron diffraction, due to a
distortion of atomic columns, probably caused by local strain. For
crystals in zone-axis orientations, electron channelling plays an impor-
tant role in the formation of Z-contrast HAADF-STEM images, as the
incident electron beam is focused along the atomic columns. Within a
distorted lattice, e.g. caused by the presence of dislocations, the
displacement of atoms varies along the columns, thereby causing elec-
tron dechanneling. The dechanneling reduces or enhances HAADF in-
tensities, depending on the inner collection angle of the detector, giving
so-called strain/diffraction contrast [25]. Therefore, by varying the
camera length of the TEM, the chemical contrast can be distinguished
from the contrast caused by other effects, such as strain and possible ion
milling induced thickness variations.

Fig. 6.a—c shows HAADF-STEM images of a TiAIN grain, collected with
different camera lengths (CLs); 195 mm, 130 mm, and 77 mm, respec-
tively. These CLs correspond to different scattering angles accepted by the
HAADEF detector. For 195 mm the range is 39-200 mrad, for 130 mm it is
58-200 mrad and for 77 mm it is 99-200 mrad. Thus, the minimum
scattering angle that is detected is largest for CL = 77 mm, giving less
diffraction contrast using this setting. For a CL of 195 mm or 130 mm, the
HAADF-STEM images consist of bright and dark columnar areas. Reducing
the CL to 77 mm, the strain contrast is minimized (Fig. 6.c). Indeed, all the
dark and bright columnar areas disappeared (differently strained); only
the chemical contrast obtained by Ti-rich and Al-rich lamellae is still
observed in this image. Moreover, the HAADF-HRSTEM image (Fig. 6.d)
clearly reveals the atom columns in the bright area (Fig. 6.d; region A).
However, in the dark area, the atomic resolution is less pronounced, in-
dividual points (atom columns) changing to lines (Fig. 6.d; region B), as
the atomic columns are slightly tilted compared to region A and conse-
quently the lattice is slightly distorted in this area. Since the main purpose
of this article is to understand the growth mechanisms of TiAIN on top of
TiN, all the HAADF-STEM images presented below were collected using
CL = 195 mm to get some diffraction contrast in order to better visualise
local strain and other effects.

An FFT pattern acquired from the TiAIN region in Fig. 6.d is pre-
sented in Fig. 6.e, where it can be seen that the lamella normals are
oriented along [100]. A closer examination of the FFT reveals the
presence of several extra reflections along the [100] direction, see Fig. 6.
e. The origin of these extra spots can be explained by the presence of the
ordered nano-lamellae in the [100] direction. The FFT was processed by
masking the normal diffraction spots (i.e. using only the extra re-
flections) followed by an inverse FFT. A representative result is shown in
Fig. 6.f, where it can be seen that these extra reflections (super-re-
flections) correspond to the periodic Ti-rich lamellae and to some Ti-rich
nanodomains dispersed inside the Al-rich lamellae, as shown by the
bright areas. Moreover, the distance between the super-reflections was
found to be around 40 times smaller than the distance between (000)
and (200), which is in agreement with the ratio of the periodicity of Ti-
rich lamellae to the interplanar distance a/2 of (200) planes. The peri-
odicity of Ti-rich lamellae and interplanar distance are approximately 8
nm and 2 A, respectively.

3.5. Growth mechanism of TiAIN on TiN

In our study, TiN is the first layer deposited on the substrate and it
serves as a nucleation layer for the TiAIN layer. As such, it is important to
understand the microstructure and morphology of this layer in order to
enable controlled growth of the following layer. It has been reported that
the preferred orientation and morphology of the TiN layer are related to the
deposition temperature and gas concentration. Lower deposition temper-
atures (~900-1100 °C) favour the formation of twinned crystals and
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results in (211) textured layers, whereas higher deposition temperature
(>1200 °C) favours twin-free crystals and results in (100) textured layers
[15,26]. Different orientations and microstructure of the TiN grains should
affect the orientation and other details of the deposited TiAIN layer on top.
We carefully examined this interface, its microstructure and chemistry, in
order to understand the orientation relationship between both layers and
consequently to identify which factors that affect the growth of TiAIN on
top of TiN.

Fig. 7.a shows a HAADF-STEM image of the interface between TiN and
TiAIN. The overview reveals a needle-like morphology of the TiN grains
with twins located vertically, at the middle of the grains, extending to the
needle tip. On top of the TiN layer TiAIN starts to grow with small grains,
having widths of around 50 nm or smaller. The number of grains that
nucleate at the bottom of the TiAIN layer is estimated to be more than 100
times higher than the number of grains present in the top part of the
coating. The small grain sizes at the TiN/TiAIN interface make overlap of
crystallites possible in the TEM foil and sometimes makes the interpre-
tation of the STEM images difficult, as these images are the projection of a
3D volume onto a 2D plane.

In the HAADF-STEM image presented in Fig. 7.a, TiAIN grows on top
of one TiN twinned grain (the twin plane is arrowed). A HAADF-HRSTEM
image collected from the middle of the TiAlIN area is shown in Fig. 7.b. At
the right side of this micrograph, the FFT from area B’ is indexed as an FCC
structure. The FFT obtained from the left side, marked by B”, consists of a
superposition of two FCC patterns. These two crystalline domains are
twin-related by a rotation along [111], see more details below. Some extra
reflections (arrowed in Fig. 7.b) are also observed in the FFT from area B”.
These reflections are obtained by double diffraction. Higher magnification
HAADF-HRSTEM micrographs of areas B’ and B” are shown as C' and C” in
Fig. 7.c., respectively. The HRSTEM image of area C' shows a very ordered
stacking of the atomic columns, however, in area C” the columns are not
as well defined, due to an overlap of two TiAIN domains in this region.

In order to further investigate the growth of these two TiAIN do-
mains, we carefully polished the FIB lamella using a low-voltage ion
beam to make it even thinner and reduce the domain overlaps. In Fig. 7.
d, the two TiAIN domains are labelled and shown in lower magnifica-
tion. The two domains are actually two grains: the two TiAIN grains,
number 1 and 2, grow from the left and right sides (side 1 and 2) of the
above-described twinned TiN grain, respectively. The TiAIN grain
number 1 grows inclined towards the left and starts from side 1 of the
TiN grain (the left twin), then continues to grow to the right with an
inclination angle of about 15° relative to the coating normal.

In a similar way, grain number 2 grows inclined towards the right
and starts from side number 2 (the right TiN twin) and then later con-
tinues to grow to the left. After ion polishing, as the sample became
thinner, parts of TiAIN grain 2 were removed and only remained as a
small crystallite at the top of TiN side 2 and further up in the TiAIN layer.
The lamellae in these two remaining regions of grain 2 are parallel, and
are indicated by arrows in Fig. 7.d. These two TiAIN grains are twin-
related, due to their origin from the two sides of the twinned TiN
grain; see more discussion below.

The HAADF-STEM image in Fig. 7.e. reveals the presence of small
nanograins of TiAIN that fill the volume between the needles of the TiN
grains. In these small grains the Ti-rich/Al-rich lamellae structure is
absent. These grains probably only grow for a limited distance, as they
are hindered by the fast-growing TiAIN grains (along (100) directions)
that nucleated slightly higher up, on the twinned TiN grains. As the
small grains without lamellae grow in the valleys between the TiN
needle-shaped grains they might also be slow-growing due to a limited
ability for the precursors to access this area during deposition.

The microstructure of the TiAIN material located between side 1 of
TiN and TiAIN grain 1, which does not contain a periodic lamellae
structure, was checked by HAADF-HRSTEM imaging (Fig. 7.f). The in-
setsin Fig. 7.f show the FFTs from the interfacial region of TiAIN and the
left twin of TiN. The two phases exhibit FFT patterns that are identical
(except the distances between the reflections are different due to a
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difference in lattice parameter), which means that TiAIN grows epitax-
ially on side 1 of the left TiN twin. Similarly, an FFT calculated from
HAADF-HRSTEM image of TiAIN grain number 1 containing a periodic
structure has the same FFT pattern as the non-periodic part at the
interfacial region (Fig. 7.g). In conclusion, TiAIN grain 1 grows epitax-
ially on TiN side 1. After some distance the TiAIN growth is more or-
dered, and the TiAIN grain continues to grow upwards, to the left,
forming Ti-rich and Al-rich lamellae. As the TiAIN growth direction is
along (111) and since the grain is slightly tilted, the direction being
parallel with the coating normal becomes (211). Thus, this explains how
grains growing locally along (111) can form a coating with a (211)
texture.

3.6. TiN structure

As the substrate was polished before CVD, the TiN grains probably
initially have a random orientation, gradually developing the observed
211 texture. The TiN layer contains grains with a slight V shape, as can
be seen in Fig. 3. Fig. 9.a presents a HAADF-STEM overview of the top
part of the TiN layer, consisting of twinned needle-shaped (or possibly
wedge-shaped) grains. Several dislocations are present inside the TiN
grain, seen as white lines, starting close to the twin plane and spreading
to both sides of the TiN grain. A detailed study of dislocations present in
this coating would require a detailed structural analysis of the atomic
plane displacements, which is beyond the scope of this work.

Fig. 9.b represents a filtered HAADF-HRSTEM image obtained by
applying an inverse FFT from a masked FFT of the twinned TiN area. The
insets in Fig. 9.b show FFTs from both sides of the twin, demonstrating
the TiN cubic lattice structure (Fm3m; a = 4.24 10\), with a (111) twin
plane. XRD pole figures were acquired in order to further confirm a
preferred orientation of the TiN grains, see Fig. 9.c. The intensity max-
imain the {111} and {220} pole figures are at a-angles consistent with a
(211) texture. The poor signal to noise in all pole figures is due to the
layer architecture and low thickness of the TiN layer. The deviation from
rotational symmetry in the {220} and {111} pole figures should not be
misinterpreted as orientations deviating from a fibre texture. It is due to
issues of measurement and sample geometry: in order to get sufficient
counting statistics, a relatively large measuring aperture of 2 mm
diameter was chosen, causing the irradiating beam to exceed the sample
surface (flank side of the cutting insert) at p-angles approaching 0° and
180°, respectively, at low 0-angles. As the XRD {422} pole figure ex-
hibits a centred intensity, this corresponds to a TiN (211) texture (along
the coating normal), as expected.

3.7. Chemical composition at the interface TiN - TiAIN

STEM/EDX analysis was carried out to identify the chemical compo-
sition in the TiN/TiAIN interfacial region. Fig. 10.b 1'-4’ show EDX
spectra collected from points 1-4, respectively, in Fig. 10.a. A comparison
of spectra 1’ and 2’ reveals a drastic decrease in the intensity of the Ti-K
peak, while the intensity of the N-K/Ti-L peak (around the energy 0.4
keV) is still the same (Fig. 10.b). This means that this peak corresponds
mostly to the N-K signal. Therefore, the interfacial layer could be identi-
fied as a phase rich in Al and N. The quantification of EDX spectrum 2’
gives a composition of Tig g4Alg.96N (N not quantified). Moreover, the FFT
calculated from the HRSTEM image of this region indicates a cubic
structure (Fig. 7.f). Consequently, this area is considered to consist of c-
Tig.04Alp.96N grains.

EDX spectrum 3’ was collected from the interface between the TiN
needle top and TiAlIN, and it reveals a significant signal of Cl (Fig. 10.b).
The quantification of this spectrum indicates the presence of 9 at.% Cl of
the total amount, excluding N. Assuming that Cl substitutes N, and
assuming a stoichiometric composition with respect to anions, this
corresponds to a composition (Tig 23Alg.77)(Ng.90Clp.10)- At the bottom
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interface, at point number 4 in Fig. 10.b, only 3.6 at.% Cl of the total
amount (excluding N) was detected.

4. Discussion

We have shown in this work that it is possible to deposit a bilayer
coating of TiAIN and TiN on cemented carbide substrates using CVD
(Figs. 2 and 3). The TiAIN layer had a clear (211) texture all through the
thickness of the layer (Figs. 1 and 2). It consisted of columnar grains,
many extending from the layer bottom to its top, with a (111) direction
along the grain column. The grain width increased from around 50 nm at
the bottom to between 500 nm and 1 pm at the top. Three {100} surfaces
of each grain formed a pyramid surface morphology, their (111) axes
slightly tilted (20°) relative to the surface normal (Figs. 1-3). It is
believed that the TiAIN grains grew simultaneously on the three {100}
facets, leading to a grain growth along the (111) direction. As the (111)
axes of the grains are tilted, this leads to the (211) fibre texture of the
coating.

The TiAIN grains had a cubic crystal structure and were built up by
nanolamellae along {100} (the three growing facets), consisting of Al-
rich layers approximately 6 nm thick, and Al-poorer layers approxi-
mately 2 nm thick (Fig. 4). Their composition was approximately
Tip.1Alp.oN and Tip 4Alp 6N, respectively (Fig. 5). This gives an average
ratio of Ti/Al = 15/85. The lamellae are probably not atomically smooth
with a constant composition, and locally higher values of Ti, both in the
Ti-rich and Al-rich lamellae are expected (Fig. 6). The formation of a
lamella structure has been proposed to be due to spinodal decomposition
[71, but also to oscillating periodic surface reactions during growth
[9,10,12]. In addition [14], it was shown that the periodic lamella for-
mation can be controlled by having a rotation gas supply. By varying the
rotation speed relative to the coating growth rate the lamella periodicity
can be tuned. Basically, each gas supply rotation cycle gives rise to one
nanolamella period. In our work a deposition time of 67 min produced a
TiAIN layer of 4.1 pm, giving a growth rate of 0.06 pm/min. Using this
value and a rotation speed of 5 rpm, Eq. (2) in [14] predicts a periodicity
of 7.4 nm, which is very close to the 8 nm (2 + 6 nm), or rather 7.5 nm,
see Fig. 4.a, observed here. Thus, the present work confirms the model
proposed for lamella formation in [14].

It has been estimated by density functional theory (DFT) simula-
tions that {001} planes of TiAIN have a much lower surface energy
than the {111} and {110} planes [27]. This would stabilize the {001}
facets during growth, making lamella formation in the (001) growth
direction possible. In addition, it was found that the higher the Al
concentration the stronger the segregation of Ti towards the surface.
Thus, when an Al-rich lamella grows, Ti can be pushed out towards the
surface, keeping the Al-concentration high. After some time, these Ti-
atoms can be incorporated in a Ti-rich lamella, which leads to subse-
quent growth of an Al-rich lamella, and the process can be repeated
periodically. This is supported by the rotational gas supply, periodi-
cally favoring high and low Ti-concentrations in the lamellae, see
ref. [14] for details.

Still, the formation of lamellae with the same crystal structure, but
distinctly different compositions needs more investigations in order to
obtain a deeper understanding of the underlying growth mechanisms.

At the bottom of the TiAlIN layer, below the regular nanolamellar
TiAIN grains, an interfacial region consisting of smaller nanosized grains
existed (Fig. 10). These were found to be cubic TiAIN with a composition
of approximately Tig g4Alg 96N, thus being very close to be a cubic AIN
phase. These grains did not exhibit a nanolamellar structure. They grew
epitaxially onto TiN, and the lamellar TiAIN grains then grew epitaxially
on these “AIN” grains. At the interface between TiAIN and TiN some Cl
was detected, and the composition in the TiAlN layer close to the tip of a
TiN needle was found to be (Tip.23Alp.77)(Ng.90Clp.10), assuming stoi-
chiometry with respect to the anions. The Cl is expected to come from
titanium and aluminium chlorides in the gas phase.



M. Ben Hassine et al.

Surface & Coatings Technology 421 (2021) 127361

a) T T T T T
i m— Al-rich
L Al(K) e Ti-rich -
S [l NK)/ : 1
2 Tip) Ti(K) ]
Tl '

0 1 2 3 4 5 6
Energy (keV)

Atomic %

T T T

* T
0 5 10 15 20 25 30
Position (nm)

Fig. 5. a) EDX spectra collected from an Al-rich and Ti-rich lamella. These correspond to 90/10 and 70/30 Al/Ti ratios. b) EDX linescans across Ti- and Al-

rich lamellae.
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Fig. 6. HAADF-STEM images of TiAIN collected using different TEM camera lengths: a) 195 mm, b) 130 mm, and c) 77 mm. d) HAADF-HRSTEM micrograph showing
the atomic resolution of the bright (A) and dark (B) contrast areas, boxed area in (a). e) FFT calculated from a HAADF-HRSTEM image containing both types of TiAIN
lamellae (high and low Al/Ti ratio). The FFT exhibits extra reflections in the [100] direction, see the small inset figure. f) Inverse FFT image obtained by using only

these extra reflections in e).

The TiN layer was highly columnar and had a grain size of about 100
nm (Fig. 3). The upper part of the TiN layer (Figs. 7-9) consisted of
needles (or possibly ridges) with a (211) growth direction (Figs. 7 and 9),
containing a {111} twin boundary along the grain centres and some dis-
locations spreading from this boundary (Fig. 9).

Fig. 11 shows schematic drawings of the growth mechanism, the
so-called “two-wings” model, of two TiAlIN grains growing on top of a

twinned TiN grain. TiAIN grains number 1 and 2 grow from the left
and right twin domains, side 1 and 2 respectively, of the TiN grain,
see Fig. 11.a. The two TiAIN grains grow epitaxially, with a cube-on-
cube relationship to the underlying grains, making the two TiAIN
grains twin-related. Initially the TiAIN grains grow without an in-
ternal lamella structure with a very high Al content, around 96 at.%
(cations). Gradually, after some tenths of nanometres, the TiAIN
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Fig. 7. Interface between TiN and TiAIN; a—e) HAADF-STEM images highlighting the growth of two grains of TiAIN on top of a one twinned grain of TiN. e) HAADF-
STEM image shows the presence of an interfacial non-lamella TiAIN structure between the TiN and lamella-TiAIN grains. f-g) HAADF-HRSTEM images demonstrating
an epitaxial growth of TiAIN grain number 1 on TiN side 1. h) HAADF-HRSTEM image showing epitaxy between the two grains of TiAIN and the twinned TiN grain.

The composite FFTs for the TiAIN grains and the TiN domains are shown as insets.

growth is more “controlled”, and the periodic lamella formation
starts and generally proceeds throughout the coating. The lamellae
grow epitaxially on each other and the underlying “AIN”, keeping the
(cube-on-cube) relationship with underlying TiN domain.

As also has been described earlier, the TiAIN grains grow preferen-
tially along (111). This makes the left TiAIN grain (1) growing fast to the
right, while the other TiAIN grain (2) grows fast to the left. This causes
the two TiAIN grains to gradually switch sides, so that grain 1 is to the
right (above TiN side 2) and grain 2 is to the left (above TiN side 1), after
some hundreds of nanometres. In this way the two grains grow at an
angle with respect to each other, forming two “wings”, hence the name
“two-wing” growth model for the TiAIN coating.

The “two-wing” mechanism can be understood by using stereographic
projection. Fig. 12 shows two standard projections along [211], which
represents the texture (and coating normal) of the TiAIN coating. Grain 1
and 2 are twin related, as described above, by a (111) mirror plane
normal to the coating normal direction, giving the two projections shown
in Fig. 12. Thus, these represent the two TiAIN grains viewed from the
top. Grain 1 is growing with lamella normals along [100], after the initial
stage without lamellae. As can be seen in Fig. 12, the (111) direction
closest to [211] is [111], which is tilted 19.5° to the right with respect to
[211]. This means that grain 1 will grow fast along [111], leading to the
formation of a columnar grain tilted 19.5° to the right from the coating
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Fig. 8. a) HAADF-STEM image showing an overview of the coating consisting
of columnar, inclined TiAIN grains. b) magnification of the grains marked by an
arrow in Fig. 8.a highlighting the growth of two grains of TiAlIN on top of a
twinned grain of TiN.
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normal. In a similar way, grain 2 will form a columnar grain tilted 19.5°
to the left of the coating normal, which in both cases is [211]. As the
“two-wing” model should be applied to most grains in the TiN layer,
which has a (211) fibre texture, the TiAIN layer will also obtain a (211)
fibre texture with {111} planes tilted 19.5° from the coating normal, as
seen in Fig. 1.d. This also leads to the tilted pyramid surface morphology
observed in Fig. 1.a, where the three {100} facets highlighted in Fig. 11
make up the pyramid sides.

Often a cross-section of a TiAIN coating contains grains with an
uneven, “zig-zag” morphology (e.g. grain “2” in Fig. 3). This is most
likely an effect of the three-dimensional nature of the coating growth.
Grains are tilted some 20° from the surface normal in all different di-
rections, not only in the plane of the cross-section (see Fig. 1d). This
means that some grains cut the cross-section and are only visible over
part of their length, and the boundaries between neighbouring grains
can then get a serrated, zig-zag appearance. However, these grains have
the same basic structure as the grains with a more regular appearance.
They also have a (111) growth direction, {100} facets, and they contain
the same nanolamella structure.

Fig. 9. a) HAADF-STEM overview of the TiN layer consisting of twinned needle-shaped grains, together with the TiAIN layer on top. Several dislocations spread in
both sides of the grain (bright lines). b) Inverse FFT of a masked FFT from a HAADF-HRSTEM image, with the TiN twin plane indicated. The insets show the FFTs of
each side, with a (111) twin plane. Vertical streaks are artefacts. ¢) XRD pole figures showing a centred intensity for (422), corresponding to a TiN (211) texture

(along the coating normal).
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(at%) | Al | Ti | Cl
Spectrum 1° 88 12 0
Spectrum 2” | 96.2 3.8 0
Spectrum 3’ 70 21 9
Spectrum 4” | 69.4 27 3.6

Spectrum 1’
Spectrum 2°
Spectrum 3°
Spectrum 4° 5

Counts (a.u.)

Energy (keV)

Fig. 10. a) HAADF-STEM image of the TiN/TiAIN interface. The location is the same as in Fig. 7. b) EDX spectra collected from four different points marked in Fig.
10.a. ¢) The table shows the concentration of Al, Ti and Cl, excluding N.

Overlap of grain 1
with grain 2
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Fig. 11. Diagram of the “two-wings” growth model, highlighting the growth of two TiAIN grains on top of a twinned TiN grain. a) Interfacial and b) overview
schematic drawings.
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Fig. 12. Stereographic 211 standard projections (top view, along the coating normal) for the two TiAIN grains growing on a twinned TiN grain (Fig. 11). The TiAIN

grains are related by a 180° rotation along the coating normal.

5. Conclusions

It is possible deposit (211)-textured high Al-containing Ti; xAlLN
coatings, with x-values on average around 0.85 and locally above
0.9, using LP-CVD.

The intermediate TiN-layer with a thickness of 1.2 pm developed a
(211) texture with twinned, V-shaped grains with needle-shaped top
parts.

The TiN-layer influenced the subsequent growth of the 4.1 pm thick
TiAIN layer; both its texture and morphology.

The TiAIN grains were columnar with a texture of (211), parallel to
the surface normal. They grew along (111), with three {001} facets,
leading to tilted pyramid morphology.

The {001} facets developed an internal periodic nanolamella struc-
ture of the TiAIN grains, probably by temporal variations (rotational
gas supply) of the controlling chemical reactions in combination
with tendency for Ti to segregate to the surface of Al-rich lamellae.
The thicknesses were 2 and 6 nm for low (x = 0.6) and high (x = 0.9)
Al-containing lamellae.

The TiAIN layer growth could be described by the “two-wing” model,
where two twin-related TiAIN grains grow on a twinned TiN grain.
Due to local high growth rates along (111), the two TiAIN grains
switch sides relative to the underlying TiN grain in the coating,
making the appearance of two wings, consisting of two columnar
grains growing at 19.5° from the coating normal.

In general, this work shows that it should be possible to control the
growth of a TiAIN layer by controlling the texture and morphology of
an intermediate TiN-layer. Of course, the growth is also influenced
by the CVD process parameters.
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