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ARTICLE INFO ABSTRACT

Keywords: A novel chemical vapor deposition (CVD) multilayer coating intended for cutting applications was designed to
HRSTEM achieve high wear and heat resistance during metal machining. The coating consists of three layers: a TiCN layer
WC-Co deposited on top of a TiAIN layer, which was grown on a layer of TiN that was deposited onto a cemented carbide
Interfacial dislocations . . . . . S .

CVD substrate. The detailed microstructure of the coating was examined using a combination of electron microscope
TIiCN techniques. Two pyramidal surface morphologies and textures were observed, which could be related to the
TiAIN substrate roughness. Two growth modes were found: epitaxial growth of (211) oriented TiCN on <211> oriented

TiAIN on <211> oriented TiN, leading to tilted TiCN pyramids at the coating surface; and epitaxial growth of
(111) TiCN on <111> TiAIN on <111> TiN, leading to symmetrical TiCN pyramids at the coating surface.

1. Introduction

It is known that metal-cutting applications require ever-increasing
cutting speeds that induce high temperatures at the tool-chip inter-
face. TiCyN;_y is widely used as a coating material for cutting tools due
to its high hardness and outstanding flank wear resistance [1]. The
deposition of TiC4Ny (from now on designated TiCN) may be done by
physical vapor deposition (PVD) [2,3] or chemical vapor deposition
(CVD). CVD TiCN layers are nowadays most frequently deposited by the
Moderate Temperature (MT-CVD) process in the temperature range of
700-900 °C from the precursor system TiCl4-CH3CN-H2-N3 [4]. TiCyNy
coatings with an increased carbon content x are expected to have
improved mechanical properties, such as hardness. For this purpose,
CoHy [5,6] or CoHg [7] have been used as additional or alternative
precursors to the TiCl4-CH3CN-Ho(—N5) precursor system. Considerable
effort has been devoted to improve the cutting performance of MT-CVD
TiCN coatings by adding ZrCl4 [8], BCls [9] and CO [10,11] to the
precursor system to refine the structure and improve the grain
morphology and orientation.

One way to increase the metal-cutting performance of hard coatings
is to adjust the microstructure of the grains. TiCN coatings have been
reported to have different crystallographic textures. Larsson and Ruppi
have studied the microstructure and properties of TiCN coatings
deposited on cutting tool substrates using MT-CVD and exhibiting a

(211) texture and columnar grain morphology [12]. They found that
MT-CVD TiCN coatings have better edge chipping resistance, but worse
crater wear resistance, compared to the High Temperature (HT) CVD
TiCN coatings [12]. Von Fieandt et al. studied the formation of texture in
MT-CVD TiCN coatings on sapphire substrates [13,14]. They found that
the <111> textured TiCN had a higher hardness than <211> textured
TiCN [13]. The authors explained the hardness increase of <111>
textured coatings compared to <211> by a higher degree of epitaxy
with the {0001} oriented sapphire substrate. The change in orientation
also caused a change in the microstructure and morphology to a larger
grain size than in the <211> oriented coating. Recently, Qiu et al.
studied the influence of crystallographic texture of MT-CVD TiCN
coating on plastic deformation in machining [15]. The results of simu-
lations by Schmid factor analysis were compared to the wear generated
on the rake face of cutting inserts by short longitudinal turning tests for
coatings with {100} and {211} growth textures. It was found that the
observed plastic deformation is consistent with simulation results for the
{110}(110) slip systems [15].

Another way to increase the performance of hard coatings is to
combine layers of different materials creating multilayered coatings.
The most frequently used multilayer sequences include TiN, TiCN, and
Al,03 [16,17]. However, the large lattice mismatch between adjacent
layers could cause poor adhesion due to a high amount of strain over the
interfaces.
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Fig. 1. a) SEM micrograph of the top coating surface showing a pyramid morphology of TiCN grains. b and ¢) High magnification SEM images of the pyramid grain,
the arrows indicate surface steps on the TiCN pyramids. d) IPF map in the Z (surface normal) direction of the TiCN layer; the insert represents the color legend for the

IPF map. e) IPF contour plot for the Z direction.

In the present work, we investigate a novel multilayered wear-
resistant coating structure, comprising an inner CVD coating layer of
titanium aluminum nitride, Ti;.,Al Ny (from now on designated TiAIN)
with a {111} fiber texture, followed by a second MT-CVD TiCN coating
layer. A thin titanium nitride (TiN) layer is deposited directly onto the
substrate in order to enhance the coating adhesion, i.e. in total three
layers were deposited. TiAlIN is a well-established material for cutting
tool applications exhibiting high hardness and excellent oxidation
resistance. Recent developments have made it possible to use CVD to
deposit TiAIN coatings with an Al/Al + Ti ratio of around 0.9, which is
accompanied by an extensive hardening effect [18]. A nanolamellar
structure with alternating Ti/Al concentration ratio has been observed
for CVD TiAIN coatings [19].

We study the multilayer structure using different electron micro-
scope techniques in order to understand the growth mechanisms of the
coating. The relation between the substrate morphologies and the
coating textures is described in detail. Also, this investigation explains
how the multilayer systems accommodates the strain generated by the
difference in lattice parameters between the different layers.

2. Experiments
2.1. Sample preparation

This study concerns a coated cutting tool consisting of a substrate of
cemented carbide and a multi-layered wear-resistant coating having a
total coating thickness of about 12 pm, comprising three refractory
coating layers deposited by CVD or MT-CVD in an industrial-scale
reactor. The first coating layer is TiN, deposited onto a polished
cemented carbide substrate at a temperature of 850 °C and a pressure of

15 kPa. The second layer consists of Ti;.,AlyNy with 0.7 < u < 0.9, and is
deposited by CVD at a reaction temperature of 700 °C. The third coating
layer consists of titanium carbonitride TiCN and is deposited at a reac-
tion temperature of 850 °C.

2.2. Electron microscopy characterization

The morphology of the samples was studied by scanning electron
microscopy (SEM) in an FEI Versa 3D FIB/SEM (Focused Ion Beam/
Scanning Electron Microscope) equipped with a field emission gun
(FEG). SEM images were recorded at an accelerating voltage of 5 kV. In
addition, thin-foil lamellae were obtained using the same FIB/SEM.
Electron backscatter diffraction (EBSD) was performed on the polished
sample surface in order to obtain an overview of the grain orientations
with respect to the growth direction of the film. EBSD was made using a
Zeiss Crossbeam 540 / EDAX DigiView 5 system operated at 15 kV and
4.8 nA over an area of approximately 150 pm x 150 pm using a step size
of 75 nm. Transmission Kikuchi diffraction (TKD) was performed using a
TESCAN GAIA3 FIB/SEM at 30 kV acceleration voltage and a 30 nm step
size on an electron transparent thin-foil lamella.

Transmission electron microscopy (TEM) and scanning transmission
electron microscopy (STEM) imaging were obtained with a Cs-corrected
FEI Titan 80-300 microscope equipped with a FEG source and a
monochromator, operated at 300 kV. STEM images were collected using
Bright Field (BF) and High Angle Annular Dark Field (HAADF) detectors.
STEM images were acquired with a probe current of ~100 pA and a
convergence semi-angle of 20 mrad and processed using the TEM Im-
aging and Analysis (TIA) software from FEI. Compositional analyses of
grains were conducted in STEM mode with an energy-dispersive X-ray
spectrometer (EDX) equipped with an Oxford INCA thin-window Si(Li)
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Fig. 2. a) TKD band contrast map of the coating cross-section showing the columnar morphology of the TiAIN and TiCN grains. The yellow arrows indicate an
epitaxial relationship between the TiAIN and TiCN grains. b) IPF map in the Z (surface normal) direction, in which the yellow arrows indicate the same grains as
marked in Fig. 2a. The insert represents the color legend for the IPF map. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Energy (reV)

Fig. 3. a) HAADF-STEM image of the interface between the substrate and the coating. b-c) TEM images of TiN forming two sub-layers: b’ formed by small equiaxed
grains and b” formed by columnar grains. d-e) STEM images collected by the BF and HAADF detectors, respectively, showing the diffusion of W and Co from the
substrate binder phase into TiN. f) EDX spectrum collected from the X-marked position in Fig. 3e.



M. Ben Hassine et al.

International Journal of Refractory Metals and Hard Materials 127 (2025) 106966

Fig. 4. a-e) HAADF-STEM images of the interface between TiN and TiAIN above the substrate surface being parallel to the coating surface. a) Needle-shaped
morphology of the TiN grains. b) Higher magnification of the area marked by the bracket in Fig. 4a showing the epitaxial growth of two grains of TiAIN on top
of a twinned TiN grain. The inserts in Fig. 4b present the FFTs calculated from TiAIN and TiN, respectively. ¢c) HAADF-STEM image of a TiN grain showing a twinned
structure. d) High magnification HAADF-STEM image of the TiAIN and TiN interface.

detector and controlled by the TIA software. Image processing was made
with the DigitalMicrograph software from Gatan.

3. Results and discussion
3.1. Overview of the coating top surface

Fig. 1a shows an SEM image collected from the top coating surface of
the investigated insert. The overview highlights a pyramid shape of
TiCN grains with a three-fold symmetry and a distribution of grain sizes
varying between 0.5 pm and 4 pm. The high magnification SEM images
show that some TiCN grains have symmetric (Fig. 1b) and others tilted
(Fig. 1c) pyramidal surface morphologies. Grains with pyramids, sym-
metric and tilted morphologies, all have sharp edges with a curvature
which follows the steps on the facets. Some facets exhibit distinct steps
and the estimated distance between the facet steps (obtained from the
SEM micrographs) is in the range of ~10-30 nm (arrows in Fig. 1b and
c). To our knowledge TiCN grains with a three-fold symmetry have not
been observed before; note that the formation of pyramids with three-
fold symmetry is associated with the growth direction <111> for
TiAlIN coatings [19-21].

EBSD data was collected from the TiCN layer from which the surface
asperities were polished away to a mirror finish in order to identify the
crystallographic texture. The obtained inverse pole figure (IPF) map and
the corresponding color legend are shown in Fig. 1d. Contour plots made
in the Z (surface normal) direction for the inverse pole figures show a
high uniform density close to the <111> direction, implying that most

grains are oriented close to this direction (Fig. 1e).

3.2. Overview of the coating cross-section

TKD data were collected from FIB lamellae in order to get informa-
tion about the crystallographic texture along the coating cross-section.
The band contrast map highlights a columnar morphology of the
TiAIN layer in which the grains are slightly tilted versus the substrate
normal (Fig. 2a). The TiAIN grain widths are around 0.5 pm and the
heights several microns, around 7.5 pm; often the grains extend almost
all the way through the layer. Above the TiAIN layer, the grains of TiCN
grow with a size distribution between 500 nm and 3 pm. The thickness of
the TiCN layer is about 4 pm. For the bottom TiN layer, the thickness
measured by TEM (below) was found to be around 700 nm. Because of
the small grain size of TiN, this layer is not clearly identified in the band
contrast image (Fig. 2a). The microstructure details of TiN layer will be
given in paragraph 3.4 using TEM techniques.

The IPF map for the surface normal direction and the corresponding
color legend are shown in Fig. 2b. The map shows a clear texture for both
layers, close to the <111> direction. In addition, the band contrast
image highlights epitaxial growth between the grains of TiAIN and
TiCN, as shown by the continuous growth of the TiCN grains (yellow
arrows in Fig. 2a and b).

3.3. Interface between the WC-Co substrate and TiN layer

Fig. 3a shows a HAADF-STEM image of the interface between the



M. Ben Hassine et al.

International Journal of Refractory Metals and Hard Materials 127 (2025) 106966

Fig. 5. a-b) BF-STEM images of the bottom of the coating above an inclined substrate surface. ¢) TEM image of the interface between TiN and TiAlIN, the brackets
indicate a TiN grain growing on top of an inclined WC grain. The dark contrast reveals a crystallographic relationship between the two layers (Fig. 5¢c and d). The
insert in Fig. 5¢c shows the SAED corresponding to the marked TiAIN grain indicating a growth along the <111> direction. d-f) HAADF-STEM images of the grains
marked by brackets in Fig. 5c. The inserts in Fig. 5e show the calculated FFTs from the STEM image highlighting the epitaxy between TiN and TiAIN.

substrate and the coating. The overview shows the surface roughness of
the WC-Co substrate and the size of the WC grains that varies between
0.5 pm and 2 pm. Fig. 3b-e present BF-TEM and STEM images from
different areas inside the square in Fig. 3a. Two different morphologies
can be distinguished in the TiN layer. At the bottom, the TiN layer is
formed by small equiaxed grains (Fig. 3d’), while at the top (Fig. 3b”)
TiN has a columnar morphology, with grain heights of 500 nm and
widths around 70 nm (Fig. 3c).

In order to get more details about the equiaxed (b’) layer, STEM
imaging was performed at the interface between WC-Co and TiN. Fig. 3d
and e present two STEM images collected using the BF and HAADF de-
tectors, respectively, from the same area. In Fig. 3d, the layer d’ repre-
sent a magnification of the layer b’ of Fig. 3b, which is formed by a fine
granular structure with a grain size of about 10 to 50 nm. The red arrows
indicate the (Co-rich) binder phase areas of the cemented carbide sub-
strate; the darker areas are WC grains (Fig. 3d and e). Fig. 3e shows
several bright lines extending from the binder phase areas in WC-Co to
approximately 100 nm into the TiN layer. As the HAADF image gives Z-
contrast, these lines correspond to heavy elements, Co and/or W
(Fig. 3e). Supplementary EDX analyses were carried out to check the
composition of these bright lines. The EDX spectrum collected from the
bright lines reveals a significant signal of both W and Co (Fig. 3f).
Quantification of the metal content indicated an approximate compo-
sition of (Tig.9oWo.04C00.06)N if it is assumed that no C in-diffusion oc-
curs and that the content of nitrogen is taken to be stoichiometric (the
contents of C and N were not measured). Carbon was not measured, but
probably present from in-diffusion from the substrate. It can thus be
noticed that the W and Co come from the Co-rich and W-containing
binder phase of WC-Co that diffuse up into the TiN layer following the
grain boundaries of TiN, giving the white lines in the HAADF-STEM
image of Fig. 3e.

3.4. Interface between TiN and TiAIN

As the substrate surface has a certain roughness, in some areas the
WC grains have a surface that is parallel to the coating surface (the
macroscopic surface of the sample), while in other areas their surfaces
are inclined to the coating surface. Two different TiN layer growths were
found on these two substrate surface orientations, resulting in <211>
and (111) growth of TiAIN on parallel and inclined surfaces, respec-
tively. These two cases are described in 3.4.1 and 3.4.2.

3.4.1. Locally horizontal substrate surface: <211> epitaxial growth of
TiAIN on top of twinned TiN

Fig. 4a-e show HAADF-STEM images from the bottom of the coating,
with a substrate locally horizontal surface, i.e. parallel to the sample
surface, and needle-shaped TiN grains. Fig. 4b-e present higher magni-
fication micrographs of the area marked by the brackets in Fig. 4a. For
these images, the difference in contrast represents the difference in the
mean atomic weight of the elements constituting the coatings [22].
Therefore, the bright nanolamellae observed in Fig. 4b are relatively rich
in Ti, since Ti is heavier than Al and N.

The inserts in Fig. 4b show the calculated Fast Fourier transforms
(FFTs) from the HAADF-high resolution STEM (HRSTEM) images of
TiAlIN and TiN, indicating a face-centered cubic (FCC) structure for both
materials. All reflections could be indexed using the space group Fm3m
and cell parameters: a = 4.08 A (for TiAIN) and a = 4.24 A (for TiN). As
indicated in Fig. 4b, the TiN needle growth is found to be along <211>
direction, and slightly inclined to the normal of the substrate.

For TiAlIN, the FFT is formed by the superposition of two diffraction
patterns, corresponding to two grains with different crystallographic
orientations (insert in Fig. 4b). Indeed, the periodic Ti-rich lamellae
have two different orientations to the left and right of the TiN needle,
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Fig. 6. a) BF-STEM image collected from the upper part of the TiAIN layer: the green rectangle shows a homogenous region. b-c) HAADF-STEM images of the area
marked by green square in a) highlighting periodic bright (Ti-rich) and dark (Al-rich) lamellae. Dark lines are observed inside the Ti-rich lamellae (red arrows). c)
HAADF-STEM image showing bending of an atomic plane across Al-rich and Ti-rich lamellae. e-f) HAADF-STEM images: high magnification of the dislocations area.
In F’ (bright area) the atomic columns are very well defined, while in F' (dark area) the atomic columns have a weaker contrast due to dislocation-induced distortions
of the lattice. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

indicating the presence of two TiAIN grains (Fig. 4b). The calculated FFT
from the HRSTEM image of TiN also exhibits two overlapping diffraction
patterns (insert in Fig. 4b). In this case, the two patterns correspond to a
twinned <211> — oriented TiN grain. The HAADF-HRSTEM image
collected from TiN (Fig. 4c) gives a clear picture of the twinned structure
in the TiN grain. Moreover, the two FFT patterns, corresponding to
TiAIN and TiN, are similar, which means that both materials have the
same crystallographic structure and orientation, indicating an epitaxial
cube-on-cube growth of TiAIN on top of TiN.

Similar results were reported in our earlier work, where two grains of
TiAIN grown epitaxially on top of one twinned TiN grain, which led to
the so-called “two-wings” structure [19]. Here, a similar growth mech-
anism is identified. The difference is that the TiN grain needles are
sharper and the <211> axis is slightly tilted away from the vertical
direction. Moreover, many defects are present at the interface of both
materials because of the cell parameter mismatch between TiN and
TiAIN. Discontinuities of the Ti-rich lamellae are identified at the
interface (green arrow in Fig. 4b). Also, a sort of TiAIN nanograins is
observed at the interface (red arrow in Fig. 4b). In some areas, a dark
area is observed at the interface TiN and TiAIN (white arrow Fig. 4b).
Since the HAADF detector gives Z-contrast, these areas should be rich in
Al (and N), and are thought to be AIN regions since a similar nanograin
in a TiN/TiAIN interface has been found before, and was found to be
cubic and with an Al/(Al + Ti) ratio of 0.96 [19]. Fig. 4d shows the TiN —
TiAlN interface in higher magnification.

3.4.2. Locally inclined substrate surface: < 111> epitaxial growth of TiIAIN
on un-twinned TiN

Fig. 5a-b show BF-STEM images from the bottom of the coating, with
a locally inclined substrate surface. The surface morphology of the

substrate indicates WC grains having different shapes and sizes. On top
of these surface areas, the grains of TiN grow inclined, perpendicular to
the local surface, following the morphology of the substrate. The tilted
grains are marked by arrows in Fig. 5b. Note that the TiN layer has the
same grain morphology as in the parallel surface case (described above)
with equiaxed grains close to the surface and columnar grains further
up.

Fig. 5¢ shows a TEM image at the interface between the TiN and
TiAIN layers. TiN grains are observed on top of a curved WC grain
(marked by a red arrow in Fig. 5c¢). The TiN grains start to grow on the
substrate perpendicularly to the surface. The insert in Fig. 5c shows a
Selected Area Electron Diffraction (SAED) pattern collected from the
dark TiAIN grain, revealing an FCC structure with local grain growth
along <211>, leading to an overall <111> texture, as the growth di-
rection is inclined with respect to the substrate normal. The dark
contrast of Fig. 5c indicates a crystallographic relationship between the
grains of TiN and TiAIN. Fig. 5d-f are HAADF-STEM images of the area
marked by brackets in Fig. 5c. The inserts in Fig. 5e show calculated
FFTs from TiAIN and TiN materials. Since the FFT patterns are similar,
epitaxial growth is identified. Further evidence of the epitaxial growth is
given by the continuous rows of atomic columns between the materials
(Fig. 5f).

In conclusion, the inclined surface of the WC-Co substrate induces
the formation of tilted TiN grains growing with their <111> directions
fairly perpendicular to the coating surface. On top of the tilted TiN
grains, TiAIN grows epitaxially along the same direction, leading to a <
111> texture also for TiAIN.
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Fig. 7. a) BF-STEM image of the TiAIN and TiCN interface showing several dislocations arising from the TiAIN pyramid facets. These dislocations then extend to the
edges of the TiCN grains. b) HAADF-STEM image showing epitaxy between TiAIN and TiCN. c) IFFT indicating the presence of an additional half plane in TiAIN
material. d) IFFT image calculated by masking the (111) reflections in the FFT of Fig. 7c.

3.5. TiAIN microstructure

Fig. 6a shows a BF-STEM image collected from the upper part of the
TiAIN layer. The overview reveals that the grains do not appear in the
same way; in some regions the material looks homogeneous (green
rectangle), while in other regions several dark lines are visible inside the
grain to the grain boundary (marked by red arrows in Fig. 6a). Fig. 6b is
a HAADF-HRSTEM image of the homogenous region, periodic nano-
lamellae with a thickness of approximately 4.2 nm for dark lamellae (Al-
rich) and 1.5 nm for bright lamellae (Ti-rich) are visible. The insert
represents the calculated FFT illustrating that both phases (Al-rich and
Ti-rich) exhibit the FCC structure and a < 111> growth along the insert
surface normal. A closer examination of the Ti-rich lamellae reveals the
presence of dark lines along the lamellae (marked by red arrows in
Fig. 6b). For better visualization, the high magnification HAADF-STEM
micrograph of the area marked by a rectangle in Fig. 6b is presented in
Fig. 6¢. The drawn straight line highlights a bending of atomic planes at
the interface between Al-rich and Ti-rich lamellae. This bending prob-
ably stems from the lattice parameter difference between Al-rich and Ti-
rich lamellae. Still, the interface is coherent, which means that the Ti-
rich layer with the larger lattice parameter is compressed along the
interface and therefore expands in the growth direction. This expansion
along [100] gives a tilt of the (111) planes in the Ti-rich lamella, and a
tilting back to the same orientation in the adjoining Al-rich lamella.

Fig. 6d-f show HAADF-STEM images of the area marked by the yel-
low rectangle in Fig. 6a. The FFT in Fig. 6e again indicates an FCC cubic
structure of TiAIN material. The bright areas observed in Fig. 6d-f are
rich in Ti. The high magnification HAADF-STEM image (Fig. 6f) gives

the microstructure details of this area: in the bright region marked by F/,
the atomic columns are very well-defined providing a very well-defined
lattice. However, in the dark region marked by F, the atomic columns
are less pronounced. We believe that two dislocations are going through
the lattice TiAIN (marked by red arrows in Fig. 6f). Each dislocation
bends the lattice somewhat. The bright contrast between the disloca-
tions is due to a perfect beam-crystal alignment, as seen in (Fig. 6f-F"),
and the dark contrast on both sides is due to the bending of the lattice
destroying the alignment, reducing the atomic column contrast (Fig. 6f-
F). This means that the contrast in Fig. 6e-f is not solely Z-contrast, but
some diffraction contrast (sensitivity to orientation) remains in the mi-
crographs, due to using a rather long camera length during image
acquisition. The two dislocations are probably threading dislocations,
generated at the interface between the two TiAIN domains and growing
essentially perpendicular to the (100) growth facet. Several such dislo-
cations can be seen in Fig. 6a and d. The cause of lamella formation is
explained in reference [20]. It shows that a rotational precursor gas
supply induces an oscillatory surface reaction, leading to the formation
of nanolamellae architectures.

3.6. Interfacial dislocations between TiAIN and TiCN

The difference in lattice parameter between TiCN (4.33 ;\) and TiAIN
(4.08 ;\) gives a lattice mismatch of 6 %. Such a mismatch usually leads
to a high interfacial energy and the formation of misfit dislocations.
Fig. 7a shows a low-magnification BF-STEM image of the interface be-
tween the TiCN and TiAIN layers. Several dislocations were observed as
dark lines in the TiCN material starting at the TICN/TiAIN interface. The
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Fig. 8. a), e) and i): BF-STEM images of the grains marked 1, 2 and 3 in Fig. 2, respectively. b), f), and j) show the BF-STEM images of the upper areas of the grains 1,
2 and 3 respectively, highlighting several dislocations at the TiAIN/TiCN interface. c), g), and k): SAED patterns collected at the TiAIN/TiCN interface, showing that
both materials grow along <111>. The patterns reveal an epitaxial growth of TiCN on TiAIN. d), h), and 1): HAADF-STEM images of TiCN; the inserts are the

corresponding FFTs.

dislocations propagate almost perpendicularly from the TiAIN pyramid
facets towards the edges of the TiCN grains. Few dislocations extend to
the top of the coating. These dislocations are probably all threading
dislocations. These threading dislocations are only found in the bottom
part of TiCN grains, generated at the phase boundary, whereas the whole
TiAIN grains are filled with other threading dislocations, generated
either at the center of the TiAIN grains, probably on local thin AIN re-
gions or at Ti-rich and Al-rich lamellae interfaces.

Fig. 7b shows a high-resolution HAADF-STEM micrograph of the
TiCN-TiAIN interface. For TiCN, the atomic columns of Ti are expected
to appear significantly brighter than both C and N columns, which are
not heavy enough to produce any contrast and, thus, are basically not
visible. Therefore, the Z-contrast image highlights a material with very
regular stacking of Ti planes. The insert represents the calculated FFT,
indicating an FCC structure of both materials (TiCN, TiAIN), a macro-
scopic growth along the <111> direction and {100} lamellae surfaces.
The continuous lattice between TiAIN and TiCN gives additional evi-
dence for the same type of crystal structure in the layers, and indicates a
cube-on-cube epitaxy. However, the image exhibits a loss of the atomic

column contrast in an area at the TiCN and TiAIN interface (arrow in
Fig. 7b). For better visualization, the HAADF-STEM images were pro-
cessed by first masking spots in the FFT of the original image and then
using an inverse FFT (IFFT) to get back real-space data. Fig. 7c shows a
magnification of the area marked by a rectangle in Fig. 7b. The colored
dots designate the positions of the atomic columns. A closer examination
highlights the presence of an additional half plane in TiAlIN close to the
interface with TiCN (yellow dots). Fig. 7d shows the IFFT image ob-
tained by selecting only the (111) reflections of the FFT from the same
area of Fig. 7c, providing clear evidence of an interfacial dislocation.
Evidently, the mismatch in lattice parameter results in the formation of
misfit dislocations at the interface typical of a semi-coherent interface.

3.7. <111> epitaxial growth of TiCN on top of TiAIN

Fig. 8a, e, and i show BF-STEM images of the grains marked by 1, 2
and 3 in Fig. 2, respectively. The above overview indicated the presence
of some tilted and some straight grains in the multilayer coating: In grain
number 1 the <111> direction is tilted to the right, in grain 2 it is
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Tilted pyramids

Grain growth direction: [hkl]
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Symmetrical pyramids

Texture: (hkl) [111] TiCN  (211) (111) TiCN [111]
[111] TIAIN (211) (111) TIiAIN [111]
[211]' TiIN (211)
WC-Co

Locally horizontal substrate surface

Fig. 9. Schematic drawings describing the growth of the multilayer coating TiN/TiAIN/TiCN, with either a locally horizontal substrate surface, leading to a tilted
pyramidal surface morphology, or a locally inclined substrate surface, leading to a symmetrical pyramidal surface morphology. The grain growth directions for the 3
layers are schematically shown by blue arrows and [hkl] directions, and the layer textures (hkl) are given in red. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

straight, and in grain 3 it is tilted to the left. Fig. 8b, f, and j show BF-
STEM images of the upper parts of grains 1, 2 and 3, respectively. As
outlined above, the dark lines represent dislocations inside TiCN grains
starting at the interface with TiAIN. Only a few dislocations spread to the
top surface of the TiCN grains.

SAED patterns were collected from regions at the TiCN and TiAIN
interfaces, marked by brackets (Fig. 8c, g and k). The inserts show a
magnification of the reflections marked by the yellow rectangles in
Fig. 8c, g and k. The patterns reveal the presence of epitaxy between
grains with different cell parameters. The reflections could be indexed
using the following cell data: Fm3m; a = 4.33 A (for TiCN) and a = 4.08
A (for TIiAIN). Fig. 8d, h and 1 show HAADF-STEM images collected from
grains 1, 2, and 3, respectively, exhibiting a well-crystallized TiCN
material. The inserts in Fig. 8d, h and 1 show the FFTs from the HAADF-
STEM images, consistent with the SAED results. The arrows drawn in
Fig. 8b, f and j are giving the <111> directions based on the FFT of
Fig. 8d, h, and L.

Fig. 8b shows that the top part of the FIB lamella was partly lost by
the ion beam milling. In the area where the deposited platinum layer
survived, the surface of the TiCN grain was protected from the ion beam
sputtering. This top grain shape has a pyramid morphology (red arrow in
Fig. 8b). The calculated FFT reveals that the <111> axis is common for
the top pyramid grain of TiCN and the underlying TiAIN grain. There-
fore, the pyramid morphology previously observed on the coating sur-
face using SEM imaging (Fig. 1) is explained by the epitaxial growth of
TiCN on the top of TiAIN along the <111> direction, with three {001}
facets. Various surface morphologies have been reported for MT-CVD
TiCN coatings depending on the crystallographic texture: facets with
two-fold symmetry for {211} or {110} oriented grains [15,23], star-
shaped crystals with five {111} twin boundaries along (110) [24], or
facets with four-fold symmetry for {100} oriented grains [15]. However,
in this investigation, the TiCN grains have a three-fold symmetry. To our
knowledge, this is the first time that a pyramid morphology of TiCN
grains, growing along <111> direction perpendicular to the substrate, is
identified for CVD TiCN.

3.8. General growth description

Based on the above-described results, a general description of how
the growth of the different layers occur and lead to a difference in sur-
face morphology can be made. Schematic drawings describing the
growth of the multilayer coating TiN/TiAIN/TiCN is found in Fig. 9. For
a locally horizontal substrate surface, this results in a (211) textured
growth of TiAIN on the TiN layer (Fig. 4). The TiAIN then grows
epitaxially, with grain growth oriented along [111] [19], slightly tilted
relative to the coating normal. This growth pattern has previously been
described as a “two-wing model,” in which two TiAIN grains inclined to
the left or right resemble two wings [19]. Epitaxial cube-on-cube growth
of TiCN on the underlying TiAIN (Figs. 2 and 8) leads to TiCN crystals
with a tilted pyramidal surface morphology (Fig. 1). All three layers
have a (211) texture.

For a locally inclined substrate surface, this leads to (111) textured
growth (Fig. 6) of TiAIN on TiN (Fig. 5). Epitaxial growth (Figs. 2 and 8)
of TiCN on TiAlN leads to all layers in this case having (111)-textures
with a symmetrical pyramidal surface morphology (Fig. 1).

4. Conclusions

In this work, a CVD multilayer coating, consisting of TiN (lower),
TiAIN (middle) and TiCN (upper) layers grown on a WC-Co substrate, is
investigated. The growth directions, grain morphologies, microstructure
and composition were studied by analytical scanning transmission
electron microscopy. The main results and conclusions of the study are
summarized as follows:

o The surface of the substrate has a certain roughness. The grains in the
inner TiN layer grow in different directions, following the local
orientation of the substrate surface. W and Co from the binder phase
in the substrate diffuse into the TiN layer along its grain boundaries.

e The TiN, TiAIN and TiCN grains all have columnar morphologies,
where TiAIN grows with a cube-on-cube epitaxial relationship on the
TiN layer, and similarly TiCN grows epitaxially on TiAIN with a cube-
on-cube orientation relationship. In this way the texture of the TiN
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layer is maintained vertically for the three coating layers. Two local
textures were observed, (111) and (211).

The TiN layer contains an inner region (thickness about 200 nm) of
small grains followed by an outer region (thickness about 500 nm) of
columnar grains, often exhibiting twins.

Several defects were identified at the interface between TiN and
TiAIN, such as discontinuities of the nano-lamellae.

The TiAIN grains contain three growth domains, giving three {001}
facets. An internal nano-lamella structure with alternating Ti-rich
and Al-rich domains is present within the TiAIN grains.

Threading dislocations start from the TiAIN grain centers, and spread
to the grain edges. The dislocations induce distortions of the lattice
and the nano-lamellae. A bending of atomic planes was identified
between Al-rich and Ti-rich lamellae due to local strains at the
interfaces.

The strain generated by the lattice misfit of TiCN and TiAlIN is relaxed
by interfacial dislocations. For TiCN, threading dislocations arise
from the pyramid facets of the underlying TiAIN grains and spread to
the edges of the TiCN grains.

The TiCN grains at the top surface have pyramidal shapes with two
surface morphologies, symmetric and tilted pyramids, related to a <
111> grain growth either parallel or inclined to the coating normal,
corresponding to a (111) or (211) local texture.

In summary, a growth model could be proposed to explain the
observed variations in grain orientations and surface morphologies for
the multilayer coating.
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