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A B S T R A C T

Recent progress in chemical vapour deposition (CVD) technology has enabled synthesis of metastable cubic
Ti1−𝑥Al𝑥N coatings with 𝑥 as high as 0.8–0.9. These coatings have unique micro- and nano-structures
consisting of grains with epitaxially grown nanolamellae with different Al/Ti ratios, and exhibit exceptional
hardness and resistance to wear and oxidation. Here, the thermal stability and decomposition of nano-lamellar
CVD Ti0.2Al0.8N at temperatures between 800 and 1000 ◦C have been investigated using a combination
of cross-sectional transmission X-ray nano-diffraction and scanning transmission electron microscopy. The
decomposition started by formation of hexagonal AlN (h-AlN) in the grain boundaries throughout the coating.
Below 900 ◦C, only limited further decomposition of the grain interiors occurred. At higher temperatures
the formation of grain boundary h-AlN was followed by a bulk transformation of the nano-lamellar structure,
starting at the top of the coating and subsequently sweeping inwards. The bulk transformation occurred initially
through spinodal decomposition, followed by transformation of the Al-rich cubic phase to h-AlN, leading to a
coarsened structure with Ti-rich domains in a h-AlN matrix. The behaviour is explained by the higher capability
of grain boundaries and free surfaces to accommodate the volumetric expansion from the h-AlN formation.
The results increase our understanding of the complicated decomposition processes in these metastable cubic
coatings, which are of utmost importance from both technological and scientific perspectives.
1. Introduction

(Ti,Al)N with different Ti:Al ratios (more precisely written
Ti1−𝑥Al𝑥N) and a face centred cubic (fcc) structure deposited by phys-
ical vapour deposition (PVD) has emerged as an extremely successful
material system for wear resistant coatings in tooling applications [1–
3]. The critical properties of the fcc (Ti,Al)N phase, such as hardness,
wear resistance and oxidation resistance, all increase with increasing Al
content, up to the point where hexagonal AlN (hereafter called h-AlN)
begins to form [4–7]. For PVD this occurs around 𝑥 = 0.6–0.7 [7–12],
and the need for further property improvement by increasing the Al
content has spurred the development of alternative synthesis routes.
In spite of the higher deposition temperatures in chemical vapour
deposition (CVD) processes, which would be expected to promote the
stable two-phase fcc+hcp microstructure during deposition, recently
developed low-pressure CVD processes have been shown capable of
producing single phase fcc (Ti,Al)N coatings with 𝑥 exceeding 0.9 [13–
21], yielding exceptional properties [13,14,16–18,20].

∗ Corresponding author.
E-mail address: magnus.colliander@chalmers.se (M. Hörnqvist Colliander).

A unique feature of CVD (Ti,Al)N coatings is their complex mi-
crostructure where the relatively large (μm range) elongated grains
consist of epitaxial nanosized lamellae corresponding to periodic vari-
ations in the Ti:Al ratio, effectively giving each grain a multilayered
structure [17,19,21–23]. Typical average compositions of ‘‘Ti-rich’’
Ti(Al)N and ‘‘Al-rich’’ Al(Ti)N nano-lamellae obtained using scanning
transmission electron microscopy energy dispersive X-ray spectroscopy
(STEM-EDX) are Ti0.5Al0.5N and Ti0.1Al0.9N, respectively. Furthermore,
a recent investigation using atom probe tomography (APT) have shown
large compositional variations within the lamellae [24]. In particular,
compositions ranging from Ti0.7Al0.3N to Ti0.1Al0.9N could be found
within single Ti(Al)N lamellae, which should therefore not be seen as
homogeneous structures but a network of domains with elevated Ti
content embedded in what is effectively a continuous Al(Ti)N matrix.
Al(Ti)N lamellae are usually reported to be thicker than Ti(Al)N and
the periodicity can vary, but is usually found to be around a few to
some tens of nm [21].
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Fig. 1. Schematic of the specimen preparation and nano-diffraction set-up. (a) Coated insert, where the blue lines indicate where the 300 μm thick slice (b) is cut. (c) FIB
milled window on the top of the slice for CSTnD investigations. FIB milling was also used to extract TEM thin-foils from the investigated part of coatings for post-CSTnD STEM
investigations. (d) CSTnD set-up, including a typical detector image from the as-deposited coating obtained at P03 (PETRA III). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
A fundamental aspect of coating performance is thermal stability,
and the fcc (Ti,Al)N phase is metastable and will decompose into
TiN+h-AlN at elevated temperatures. The decomposition pathways are
expected to be complex as a result of the periodic chemical variations
in the nano-lamellar structure, and the microstructure evolution during
annealing has therefore received increasing attention. Age hardening
(spinodal decomposition) and subsequent overaging (h-AlN formation)
have been shown to occur in nano-lamellar CVD coatings [13,17,
18,20,22,23,25,26]. The temperature range and kinetics of spinodal
decomposition varies between the studies, likely due to differences in
chemistry, deposition conditions, micro- and nanostructures and exper-
imental approaches. Furthermore, as shown for AlCrN and AlCr(S)N
coatings, the residual stress state plays a critical role for the onset of
spinodal decomposition [27,28].

Recently, investigations of coatings pre-annealed in vacuum for
5 min at different temperatures showed that the decomposition is
inhomogeneous through the coating thickness [25,26]. The process
had progressed much further in the upper part of the coating, leav-
ing a visible boundary between the outer transformed zone and the
inner untransformed material. TEM observations across the transition
zone between transformed and untransformed material in a coating
pre-annealed at 1050 ◦C clearly showed the occurrence of spinodal
decomposition (splitting of the (Ti,Al)N reflections in selected area
diffraction patterns) and formation of h-AlN [25]. Inhomogeneous
initiation of the decomposition due to e.g. heterogeneous chemistry
or strain was proposed as a reason for the higher stability of the
inner part of the coating, as the smaller grain size and lower defect
density could delay the process. Furthermore, the microstructure of
a fully decomposed coating (annealed for 5 min at 1300 ◦C) showed
globular TiN particles in a h-AlN matrix. In the fully decomposed
coating the authors noted particles at the grain boundaries, which were
identified as TiN based on contrast in dark field STEM. In this state,
APT measurements yielded chemical compositions very close to pure
TiN and AlN for the two phases. In addition, regions of untransformed
2

fcc (Ti,Al)N were observed within the transformed part of the coating
annealed at 1050 ◦C for 5 min [26].

In spite of the details revealed by the studies above, and in par-
ticular that by Tkadletz et al. [25], it is clear that the decomposition
process is still not fully understood. Motivated by the observed through-
thickness gradients in the decomposition [25,26], and the still very
limited detailed studies of the microstructure during decomposition
we combine scanning transmission electron microscopy (STEM) and
cross-sectional transmission X-ray nano-diffraction (CSTnD) [29] to
investigate the decomposition of nano-lamellar CVD Ti0.2Al0.8N. While
TEM and STEM offers unrivalled spatial resolution for determining
local structure and chemistry, the drawback is the limited statistics
obtained from electron transparent samples. CSTnD, which employs
hard X-ray nano-probes available at dedicated synchrotron beamlines
to collect diffraction patterns from carefully prepared samples with
an area detector in transmission geometry, have been used to per-
form phase distribution, texture and residual stress/strain mapping
in multiple different coating systems (including (Ti,Al)N based thin
films, see e.g. [16,30,31]). By systematically studying samples sub-
jected to long-term annealing (3 h) in Ar at temperatures in the range
800–1000 ◦C we are able to follow the transformation and propose
a decomposition route involving initial formation of h-AlN at the
grain boundaries, followed by a bulk transformation of grain interiors
through spinodal decomposition which initiates at the outer surface
and the transformation front subsequently sweeps inwards through the
coating.

2. Experimental

2.1. Coating synthesis and thermal annealing

(Ti,Al)N/TiN bi-layer coatings with an approximate total thickness
of 4.0–5.7 μm were deposited on 94 wt% WC/6 wt% Co cemented
carbide inserts with an SNMA120412 geometry in an industrial CVD
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Fig. 2. (a) BF STEM micrograph of cross section of the (Ti,Al)N coating before thermal annealing. (b)–(c) HAADF STEM micrograph and accompanying FFT of the nano-lamellae
structure in the as-deposited coating. (d) Close up of FFT in (c), showing satellite reflections stemming from the nano-lamellae structure. (e) Top view SEM micrograph of the coating
before thermal annealing. (f) Diffractogram obtained after summing all frames from the as-deposited sample (except the region where the TiN and (Ti,Al)N layers overlapped) and
integrating of over the full available azimuthal range. Ideal position of cubic AlN (c-AlN), TiN and h-AlN are indicated. No signs of h-AlN or TiN can be seen.
reactor. The inserts were polished and cleaned with ethanol prior to
deposition. The TiN layer, with an approximate thickness of 1 μm,
was deposited onto the inserts at a temperature of 850 ◦C and a
pressure below 150 mbar, using TiCl4, N2 and H2 as precursor and
carrier gases. The (Ti,Al)N layer was deposited on top of the TiN
layer at a temperature of 700 ◦C and at a pressure below 25 mbar,
using TiCl4, AlCl3 and NH3 as precursor and carrier gases. The overall
composition was measured by energy dispersive X-ray spectroscopy
(EDS) to Ti0.2Al0.8N [21]. To investigate the thermal stability of the
coatings, inserts were subjected to 3 h isothermal annealing treatments
in Ar atmosphere at temperatures ranging from 800 to 1000 ◦C.

2.2. Cross-sectional transmission nano-diffraction

In order to map the microstructure in the coatings using CSTnD,
slices with approximate thicknesses around 200–300 μm were cut from
the inserts by a low speed diamond saw, Fig. 1(a)–(b). Areas with
dimensions (width × depth) of around 80 × 12 μm2 were locally thinned
down to 60–100 μm thickness using focused ion beam milling in an
FEI Versa 3D focused ion beam-scanning electron microscope (FIB-
SEM), Fig. 1(c). CSTnD experiments were performed at the Nanofocus
endstation [32] of the P03 beamline [33] at the PETRA III synchrotron,
DESY, Hamburg, Germany (as-deposited coating and samples annealed
at 800 and 850 ◦C) and at the NanoMAX beamline [34,35] at the 3
GeV storage ring of the MAX IV synchrotron, Lund, Sweden (samples
annealed at 900, 950 and 1000 ◦C). At P03 an energy of 12.98
keV (X-ray wavelength 𝜆=0.955 Å) and beam size 350 nm was used,
while experiments at NanoMAX was performed at 14.3 keV (X-ray
wavelength 𝜆=0.867 Å) giving a spot size at the focus position of
around 62 nm [36]. Area detectors were placed downstream of the
sample position (Dectris Eiger 9M with a sample-to-detector distance of
196 mm at P03, and Dectris Pilatus 1M at 272 mm at NanoMAX). The
detector was off-set at NanoMAX due to the larger sample-to-detector
distance, in order to provide access to larger diffraction angles, and
hence only quarter diffraction rings were captured on the detector. At
P03 full rings could be collected. Calibration was performed using LaB6
(P03) and Si (NanoMAX) standards.

Fig. 1(d) shows a schematic of the setup, including a typical detector
image from the as-deposited coating acquired at P03, and Fig. 1(e)
3

shows a detector image from the sample annealed at 1000 ◦C collected
at NanoMAX. The sample was moved relative to the beam in a rectan-
gular grid and diffraction patterns were collected at each position using
exposure times of 5 s. The step size was 350 nm at P03, and 70−100 nm
at NanoMAX (different for different samples) in the vertical direction
(𝑦 in Fig. 1). The number of points in a scan varied between samples,
but in all cases the entire coating and the top part of the substrate was
measured. At P03 three vertical linescans (at constant 𝑥, see Fig. 1)
were performed, while between 12 and 60 linescans were used for
each sample at NanoMAX to increase the statistics with the smaller
beam. Subsequently all frames at the same height in the coating (𝑦)
were averaged to provide a single average diffraction pattern for each
position. The averaged frames were reduced to 1D diffractograms using
PyFAI v.0.20.0 [37], and single peaks were fitted using Pseudo-Voigt
shape functions in MATLAB using the Line-Profile Analysis Software
(LIPRAS) interface [38]. When analysing the data from NanoMAX the
full available azimuthal range (−10◦ ≤ 𝛿 ≤ 100◦) was integrated for
phase determination, while only the range 0◦ ≤ 𝛿 ≤ 180◦ was used in
the case of data obtained at P03, since the bottom half of the ring was
partially shadowed by the sample.

2.3. Electron microscopy

Cross sectional thin-foil specimens were extracted from the regions
investigated by CSTnD after completed diffraction experiments with a
FEI Versa 3D FIB-SEM. The same system was used to collect SEM top
view images of the (Ti,Al)N coatings. STEM characterization of the thin-
foil specimen was performed using an FEI Titan 80–300 TEM/STEM
instrument operated at 300 kV equipped with a high angle annular
dark-field (HAADF) detector, a bright field (BF) detector and an Oxford
X-ray EDS detector.

3. Results and discussion

3.1. As-deposited microstructure

In the as-deposited state, the (Ti,Al)N coatings consist of elongated
grains with typical lateral widths of a few hundred nm and a height (in
the growth direction) of a few μm, see Fig. 2(a). While the macroscopic
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Fig. 3. Diffractograms (logarithm of intensity vs. 𝑑-spacing) as a function of position in the coating. The bottom curve in each panel corresponds to the (Ti,Al)N/TiN interface and
the top curve corresponds to the top of the coating. (a) As-deposited coating; (b) annealed at 800 ◦C; (c) annealed at 850 ◦C; (d) annealed at 900 ◦C; (e) annealed at 950 ◦C; (f)
annealed at 1000 ◦C. Filled arrowheads (▾) denote superlattice satellite peaks, open arrowheads (▿) indicate diffraction from Ti(Al)N lamellae. The dashed red and blue squares
in (f) indicates the presence of remaining fcc (Ti,Al)N at the (Ti,Al)N interface and within the transformed region, respectively. The small peaks occasionally seen just above 2.2
and 2.5 Å originate from the substrate due to small misalignment of the X-ray beam and the sample and possible uneven FIB milling leading to intersection of the primary beam
with substrate material up- or downstream of the FIB milled window. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
growth direction of the grains is ⟨111⟩, the grains actually grow by suc-
cessive addition of {100} layers during deposition [21], which creates
pyramidal profiles consisting of the three {100} facets at the free top
surface, see Fig. 2(e). The previously described nano-lamellae structure,
with alternating Ti(Al)N and Al(Ti)N lamellae, can be seen in Fig. 2(b)
where the broader lamellae are enriched in Al and the comparatively
thinner lamellae are enriched in Ti. As the lamellae are created during
deposition on the {100} facets, they are all perpendicular to a ⟨100⟩
direction (see the FFT in Fig. 2(c) extracted from Fig. 2(b)). Fig. 2(d)
shows a magnified view of the 020 FFT in Fig. 2(b), where superlattice
reflections from the nano-lamellar structure are clearly visible.

Fig. 2(f) shows a CSTnD diffractogram obtained after summing all
frames from the as-deposited sample (except the region where the TiN
and (Ti,Al)N layers overlapped) and integrating of over the full avail-
able azimuthal range. The observed (Ti,Al)N peaks are approximately
symmetric, and their position are close to pure cubic AlN (c-AlN).
The lattice parameter obtained by Pawley refinement using GSAS-
II [39] indicates a value of 4.078(2) Å, corresponding to a chemical
composition of approximately Ti0.1Al0.9N [40], as expected since the
main contribution to the diffractogram comes from the Al(Ti)N lamel-
lae. Obvious signs of smaller broad peaks associated with the Ti(Al)N
nano-lamellae, as reported by e.g. Saringer et al. [20] and Tkadletz
et al. [26], are not clearly visible here due to the linear intensity scale,
but are present and will be discussed later. No signs of h-AlN can be
seen.

3.2. Microstructure of annealed coatings

Fig. 3 shows the integrated 1D diffractograms for the different
annealing conditions. The bottom curve in each panel corresponds to
4

the (Ti,Al)N/TiN interface (where TiN 111 and 200 peaks from the
top of the TiN layer can be seen) and the top curve corresponds to
the top of the coating. From Fig. 3(a) the coating appears to be single
phase (Ti,Al)N with no signs of h-AlN. With the logarithmic intensity
scale a small shoulder can be seen at the high-𝑑 side of the 111 peaks
in Fig. 3(a),(c) and (d), at 𝑑-spacings of around 2.4 Å (marked by
open arrowheads). This resembles the observed Ti(Al)N peaks from
powdered (Ti,Al)N CVD coatings studied by high energy synchrotron
diffraction [20], and presumably originate from the Ti(Al)N lamellae,
as the position corresponds to a lattice parameter of around 4.16 Å,
equivalent to a composition of Ti0.5Al0.5. Shoulders are not discernible
at the 111 peak in Fig. 3(b), neither at any of the 200 peaks in Fig. 3(a)–
(d) due to overlap with superlattice satellite peaks. These satellite peaks
(marked by black arrowheads) are most clearly visible around the 200
peak but, in particular in the sample annealed at 800 ◦C, also around
the 111 peak. The superlattice periodicity can be determined from the
relationship

𝛬 = 𝜆
2| sin 𝜃𝑖 − sin 𝜃𝑖±1|

=
𝑑𝑖𝑑𝑖±1

|𝑑𝑖 − 𝑑𝑖±1|
. (1)

where 𝜃𝑖 and 𝜃𝑖±1 are the half diffraction angles for two consecutive
satellites, and 𝑑𝑖 and 𝑑𝑖±1 are the corresponding 𝑑-spacing. The resulting
average superlattice periodicities in the present case are determined
to approximately 9.1 nm (as-deposited), 7.9 nm (800 ◦C), 10.2 nm
(850 ◦C) and 7.5 nm (900 ◦C). After annealing at 950 ◦C superlattice
peaks can no longer be clearly observed, but careful examination of
the shoulders around the 200 peaks show traces corresponding to a
periodicity of 10.5–11 nm, which disappear in the top-most part of the
coating. After annealing at 1000 ◦C the superlattice peaks are absent.
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Fig. 4. Detector images corresponding to the small angle scattering (SAS) region for
(a) as-deposited coating; (b)–(d) coatings annealed at 800–900 ◦C; (e) and (f) bottom
and top part of the coating annealed at 950 ◦C; (g) Coating annealed at 1000 ◦C.
Note the symmetry in the SAS pattern due to the texture of the coatings and epitaxial
growth of nano-lamellae.

This is consistent with observations of the small angle scattering (SAS)
region close to the beam stop, Fig. 4. Multiple order SAS maxima
from the superlattice periodicity can be see in the as-deposited coating
and after annealing at temperatures up to 900 ◦C (Fig. 4(a)–(d)). The
periodicities derived from the position of the 𝑛th order maxima 𝑄m

𝛬SAS = 2𝜋𝑛
𝑄m

(2)

were found to match those measured from the satellite peak spacing
(𝛬SAS=8.8, 7.9, 10.8 and 7.4 nm for as-deposited, 800, 850 and 900 ◦C,
respectively). After annealing at 950 ◦C, the SAS maxima is present
(although much weaker) in the lower part of the coating (e), but
disappear in the transformed part closer to the top (f). Annealing at
1000 ◦C completely removes the superlattice SAS signal throughout
the coating thickness (g). The superlattice periodicity derived from
the CSTnD measurements agree closely with values extracted from the
STEM FFTs.

In Fig. 3(c) we clearly see the presence of a weak and broad h-
AlN 100 peak after 850 ◦C annealing, which is not present in the
as-deposited microstructure or after annealing at 800 ◦C (Fig. 3(a) and
(b)). The observed h-AlN 100 𝑑-spacing is approximately 2.68 Å close
to the interface, slightly smaller than stoichiometric h-AlN (2.70 Å).
This is unlikely to be a chemical effect, as the lattice parameter should
increase if Ti is incorporated. The small lattice parameter is presumably
5

a result of the surrounding material restricting the volume expansion
(around 20 %) from the cubic-to-hexagonal transformation, resulting
in compressive strains in the hexagonal phase. Towards the top of the
coating the lattice parameter is close to the expected value, consistent
with the proximity to the free top surface, which allows relaxation of
the stresses by out-of-plane deformation. The h-AlN peaks are more
pronounced, although still very weak and broad, after annealing at
900 ◦C (Fig. 3(d)).

The through-thickness variation in decomposition after annealing
at 950 ◦C can be clearly seen from the changes in diffractograms with
position (Fig. 3(e)). The 𝑑-spacing of the h-AlN 100 peak shows large
variations across the height, and approaches the value expected for the
stoichiometric phase only towards the top. The same is seen for the TiN
200 peak, which more resembles a shoulder on the high-𝑑 side of the
(Ti,Al)N 200 peak close to the interface, but clearly forms a separate
peak with close-to-ideal 𝑑-spacing towards the top. The intensities of
h-AlN 100 and TiN 200 also increases significantly towards the top.
There is a splitting of the (Ti,Al)N 111 peak which persists almost
throughout the coating thickness. At the very top however, a single
peak belonging to h-AlN 101 is found instead, indicating that the
decomposition has progressed much further there. On the high-𝑑 side
of the peak, a broad shoulder corresponding to TiN 111, overlapping
with a second shoulder belonging to h-AlN 002, can be seen. The broad,
almost flat, appearance of the TiN peak suggest that there is a wide
range of 𝑑-spacings present simultaneously, representing a variation in
composition, which is consistent with chemical modulations associated
with spinodal decomposition. Towards the top of the coating, only a
single broad composite TiN/h-AlN peak remains.

The almost fully decomposed structure after the 1000 ◦C anneal
is shown in Fig. 3(f). A narrow region at the original (Ti,Al)N/TiN
interface (red dashed square) is all that remains of the original (Ti,Al)N
phase. Clear peaks corresponding to TiN and h-AlN peaks are present
throughout the coating, with 𝑑-spacings only slightly smaller than
ideal, indicating that the residual stress is close to zero. The blue dashed
square indicates the presence of an isolated ‘‘pocket’’ of remaining
(Ti,Al)N present at mid-thickness.

3.3. Decomposition route

While the CSTnD data clearly shows the gradual appearance of h-
AlN and TiN as a function of thickness in the coating, it does not reveal
where in the microstructure these phases form. To obtain further details
on the decomposition process HAADF STEM imaging was used, for
which the dominating contrast mechanism is 𝑍-contrast. The density
of h-AlN is lower than the density of (Ti,Al)N, and domains of h-
AlN will thus be darker compared to domains of (Ti,Al)N in HAADF
STEM micrographs. Similarly, any domains of pure TiN will be brighter
than (Ti,Al)N domains. However, contrast variations in HAADF STEM
micrographs are not by themselves enough to determine if a domain
is (Ti,Al)N, TiN or h-AlN. The results obtained through HAADF STEM
imagining were thus compared with the CSTnD measurements and
further verified by extracting FFTs from either high resolution HAADF
or BF STEM micrographs. It was found that the formation of h-AlN and
TiN during annealing can be divided into two different cases: (i) bulk
decomposition of the grain interiors starting at the coating surface; and
(ii) formation of h-AlN and TiN along the grain boundaries. These cases
are discussed separately below.

3.3.1. Transformation in the grain interior
The bulk decomposition of (Ti,Al)N into h-AlN and TiN starts at

the surface and spreads down through the coating, see Figs. 5(a)–(d).
The onset at the coating surface is visible after annealing at 900 ◦C,
where it was found that some grains at the coating surface had begun
to transform, see Figs. 5(b) and (e). The grains are only partly trans-
formed, with the transformed volume stretching some 200–300 nm into
the coating. After annealing at 950 ◦C, the upper third of the coating
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Fig. 5. HAADF STEM micrographs showing the overall microstructure of (a) the as-deposited coating; and coatings annealed at (b) 900 ◦C (b); (c) 950 ◦C; and (d) 1000 ◦C. (e)
shows a small transformed zone at the top of the coating after annealing at 900 ◦C (see indication in (b) for position). (f)–(h) FFTs extracted from the transformed regions in the
coatings annealed at 900 ◦C (f) and 950 ◦C (g, h), showing the formation of h-AlN and TiN. (f) is from a partly transformed grain similar to the one seen in (e), while (g) and
(h) are extracted from a grain along the transformation front in the coating annealed at 950 ◦C.
have transformed, matching the CSTnD data, and the transformation
front stretches roughly horizontally through the coating, see Fig. 5(c).
Consistent with observations by Tkadletz et al. [25], the front does
not follow grain boundaries, but regularly cuts through grains leaving
partly transformed grains along the front. After annealing at 1000 ◦C,
the whole coating has transformed from (Ti,Al)N to TiN and h-AlN,
with the exception of small remnants of (Ti,Al)N grains spread through
the decomposed coating, consistent with what have been reported by
Tkadletz et al. [26], and a small strip of (Ti,Al)N above the lower
(Ti,Al)N/TiN interface, see Fig. 5(d). High resolution STEM (HR STEM)
was used to verify that the darker regions visible in the HAADF STEM
micrographs above the transformations front are TiN and h-AlN. Grains
bisected by the transformations front were tilted to a major zone axis
and FFTs were extracted from the transformed part of the grains.
Examples of this for the coatings annealed at 900 and 950 ◦C can be
seen in Figs. 5(f)–(h). In both cases the FFTs show the decomposition
of (Ti,Al)N and the formation of h-AlN.

Domains of untransformed (Ti,Al)N were found in the transformed
regions of the coatings both after annealing at 950 and 1000 ◦C, see
Figs. 6(a)–(c) and 7(a)–(c). This explains the observations of retained
cubic phase within the coating seen in the CSTnD data (Fig. 3(f)).
The untransformed domains are parts of prior (Ti,Al)N grains, rather
than entire prior grains. The untransformed domains still keep the
nano-lamellae structure, see Fig. 6(b), but the Ti(Al)N lamellae are
substantially broader (around 3 nm) compared to the as-deposited
Ti(Al)N lamellae (1.8 nm). The evolution of the nano-lamellae structure
after annealing at different temperatures is discussed more in detail in
Section 3.4.
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The band of untransformed (Ti,Al)N found above the (Ti,Al)N/TiN
interface after annealing at 1000 ◦C, see Fig. 6(a), is consistent with
the CSTnD data in Fig. 3(f). The untransformed domains in the band
do not correspond to small isolated grains, but are the lower parts of
the larger columnar (Ti,Al)N grains where the nano-lamellae structure
has been retained, see Fig. 6(c).

3.3.2. Transformation in the grain boundary regions
The second transformation case is the formation of small volumes of

h-AlN and TiN along grain boundaries, which happens already after an-
nealing at 800 ◦C (although the presence of h-AlN could not be detected
by CSTnD, see Fig. 3(b), presumably due to the low volume fraction),
and explains why the signal for h-AlN can be found throughout the
whole coatings in the CSTnD data. Examples of grain boundary h-AlN
formation after annealing at 800 and 850 ◦C can be seen in Fig. 8(a)
and (b). After annealing at 900 ◦C, the amount of h-AlN visible at
grain boundaries is larger compared to the coatings annealed at lower
temperatures, see Fig. 8(c), matching the increase in signal for h-AlN
that can be seen the CSTnD plot for 900 ◦C. Similarly, after annealing
at 950 ◦C even larger volumes of h-AlN can be seen along the grain
boundaries, see Fig. 8(d). After annealing at 950 ◦C, not only darker h-
AlN domains but also smaller brighter domains are visible along grain
boundaries. These are TiN domains visible due to the larger amount
of (Ti,Al)N transforming along grain boundaries at this temperature.
In the coatings annealed at 950 and 1000 ◦C, the transformed grain
boundary volumes are still visible in regions that have fully transformed
from (Ti,Al)N and can be seen to stretch through the transformed region
of the coating, see Figs. 5(c,d) and 8(d,e). The formation of h-AlN and
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Fig. 6. HAADF STEM micrographs of coating after annealing at 1000 ◦C. (a) Overview of the coating where several untransformed (Ti,Al)N regions are marked. (b) and (c) show
examples of remnants of (Ti,Al)N grains within the transformed part and along the lower (Ti,Al)N/TiN interface (locations indicated in (a)).
Fig. 7. HAADF STEM micrographs of the coating that has been annealed at 950 ◦C. Remnants of (Ti,Al)N grains and the grain boundaries are visible in the decomposed region.
TiN along grain boundaries was confirmed by HR-STEM. The domains
have similar orientations as neighbouring (Ti,Al)N grains and thus by
orienting a (Ti,Al)N grain along a major zone axis, FFTs could be
extracted from the smaller domains that had formed along the grain
boundaries of the grain in question. An example of this from the coating
annealed at 950 ◦C can be seen in Fig. 9 and is discussed in further
detail later.

The width of the transformed region at the grain boundaries after
annealing at 1000 ◦C are similar from top to bottom in the coating, and
after annealing at 950 ◦C the width of h-AlN domains along former
grain boundaries does not change significantly between the trans-
formed and non-transformed parts of the coating. This would indicate
that the phase transformation happens first rapidly in volumes close to
the grain boundaries until the transformed volumes reaches a critical
size, after which the phase transformation slows down substantially,
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allowing the transformed volumes along the grain boundaries to be en-
veloped by the bulk transformation front sweeping through the coating
from the surface. This is further supported by the observation that while
the width of the h-AlN domains forming along the grain boundaries
increase noticeably after annealing at 900 ◦C compared to 850 ◦C, the
increase in width slows down for higher temperatures. There is only a
small increase in width after annealing at 950 ◦C compared to 900 ◦C,
and no clear increase in width can be seen after annealing at 1000 ◦C
compared to 950 ◦C. This is in contrast to the substantial difference
in transformation of the bulk of the coatings, where nearly the whole
coating is transformed after annealing at 1000 ◦C compared to only
some pockets of transformed volume after annealing at 900 ◦C.

Interestingly, Figs. 5 and 6 reveal a significantly lower amount of
grain boundary h-AlN in the innermost few hundred nm of the coatings.
This was seen in all samples, independent of annealing temperature.
The region with lower grain boundary h-AlN content correlates to the
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Fig. 8. HAADF STEM micrographs showing examples of h-AlN domains forming along grain boundaries after annealing at different temperatures. In (a)–(e) the grain boundaries
are oriented along the viewing direction, in (f)–(g) at an angle to the viewing direction.
region of retained nano-lamellar structure in Fig. 6, which indicates
that both grain boundaries and the grain interiors in the vicinity of the
(Ti,Al)N/TiN interface are comparatively more stable than other parts
of the coating. This will be further discussed in Section 3.4.

The h-AlN phase appears as a continuous layer along grain bound-
aries in many of the STEM micrographs. However, this is an effect
stemming from the 2D projection of the 3D structure of the specimen.
By investigating grain boundaries which are inclined with respect to the
electron beam, e.g. in Fig. 8(f), it can be seen that the grain boundary
is not covered by a continuous h-AlN layer, but decorated by discrete
domains of h-AlN with a size of around 10−12 nm. Small brighter
domains can also be seen next to the h-AlN domains, indicating the
formation of TiN. Similarly, an example of a grain boundary in the
coating annealed at 950 ◦C can be seen in Fig. 8(g). The h-AlN domains
covering the grain boundary have a size of around 30–40 nm and have
grown together, compared to the discrete h-AlN domains that decorate
the grain boundaries in the coating annealed at 850 ◦C (Fig. 8(f)).
Brighter TiN domains forming alongside the darker h-AlN domains are
clearly visible also after annealing at 950 ◦C.

The TiN and h-AlN domains forming along the grain boundaries are
not randomly distributed. As can be seen in Fig. 7, the TiN domains
are distributed along the edges of grain boundary regions, towards
the remaining (Ti,Al)N grains, forming bright lines. Meanwhile, the h-
AlN domains are distributed along the centre of the grain boundary
regions. Further investigation revealed that this distribution of TiN
domains and h-AlN domains also to some extent is a projection effect.
A (Ti,Al)N grain in the coating that was annealed at 950 ◦C was put
at the [101] zone axis and the h-AlN and TiN domains found along
the grain boundaries of the grain were investigated, see Fig. 9. In
this view the domain distribution in the grain boundary region is not
symmetric, but instead TiN is found only on one side of the h-AlN, see
Fig. 9(b) and (f). FFTs extracted for h-AlN domains and (Ti,Al)N using
high resolution BF STEM micrographs gives an orientation relationship
between h-AlN (h) and (Ti,Al)N (c), where {001}h ∥ {111}c and ⟨100⟩h ∥
⟨101⟩c (Fig. 9(c)–(e)). This corresponds to close-packed planes parallel
to close-packed planes in both materials, and is a common relationship
between hexagonal and cubic materials, including (Ti,Al)N and h-
AlN [41]. The orientation relationship allowed identification of which
of the two adjacent (Ti,Al)N grains was the parent to the domain (the
grain on the right hand side), and it can be seen that the h-AlN domain
formed closest to the parent, with TiN domains located outside (to
the left of) it (Fig. 9(b)). Thus, the symmetric distribution of domains
seen in Fig. 7(b)–(d), with a central region of h-AlN and flanking TiN,
probably stems from an overlap between domains forming from the two
neighbouring (Ti,Al)N grains.
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We note that grain boundary phases were previously reported in a
fully decomposed coating annealed for 5 min at 1300 ◦C [25], where
it was inferred from STEM DF to be TiN. A possible explanation for
this difference in observation could be the difference in temperature,
with temperatures up to at least 1000 ◦C permitting the formation of
mainly h-AlN, along grain boundaries. However, lack of micrographs
taken of grain boundaries at higher magnification in [25], makes it hard
to compare the results obtained in the different works.

3.3.3. Domain size
While projection effects prevent reliable size measurements of the

h-AlN and TiN domains forming inside the (Ti,Al)N grains using STEM,
a qualitative difference in size for the domains were found throughout
the coating after annealing at 1000 ◦C, with larger domains in the
lower part of the coating compared to the upper part. As the domains
are stacked upon each other, they will give rise a modulation of the
intensity in the HAADF STEM micrographs that differs through the
thickness of the coating, see Figs. 10(a)–(d) for examples. The size of
the domains giving rise to the modulation in intensity in Figs. 10(a)
and (c) is estimated to be approximately 5 nm in the upper part of the
coating and 15 nm in the lower part of the coating from the frequency
distribution obtained when performing a FFT on the micrographs. The
local observations from STEM can be compared to the more statistically
averaged CSTnD data, where the average size of coherently diffracting
domains, 𝐷, can be approximated by the Scherrer equation:

𝐷 ≈ 0.9𝜆
𝑊 cos 𝜃

(3)

where 𝑊 is the full width at half maximum (FWHM) of the diffraction
peak at 2𝜃. Here it should be noted that Eq. (3) only provides a
rough estimate of the domain size, and that the fact that instrumental
broadening contribution to the FWHM was not considered, results in an
underestimation of the size. We also note that the presence of residual
stresses, which would lead variations in peak position along the Debye–
Scherrer rings, could lead to artificially broadening of the peaks in
the azimuthally integrated data. We therefore compared the domain
size obtained from azimuthally integrated diffractograms (Fig. 3) with
values obtained by ‘‘caking’’ the data into 10◦ sectors and fitting each
sector separately. The difference between the two methods was very
small (on average within ±5 %), indicating the effect of residual stresses
on the measured peak width (and hence domain size) was negligible.
However, fitting of caked data lead to problems for samples annealed at
850 and 900 ◦C, as the h-AlN peak intensity in the individual cakes was
very low, and we therefore chose to present the values obtained from
fitting of azimuthally averaged data. The h-AlN domain size calculated
from the 100 peak and the corresponding normalized intensity of the
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Fig. 9. STEM micrographs showing examples of h-AlN and TiN domains forming along a grain boundary after annealing at 950 ◦C. (a) and (c) are BF and (b) and (f) are HAADF
STEM images. (d) and (e) are FFTs extracted from (c), giving the orientation relationship between h-AlN domains forming along grain boundaries and the surrounding (Ti,Al)N
grains. (g) and (h) are FFTs extracted from (f), showing the formation of TiN along grain boundaries.
Fig. 10. (a)–(d) HAADF STEM micrographs showing examples of the decomposed nanostructure in the grain interior in the outer, (a) and (b), and inner, (c) and (d), part of
the coating after annealing at 1000 ◦C. (e) Coherently diffracting domain size, 𝐷, determined by applying the Scherrer equation to the h-AlN 100 and TiN 200 peaks; and
(f) Normalized integrated intensity (divided by the maximum integrated intensity observed at each temperature) of the same peaks as in (e), as functions of distance from the
(Ti,Al)N/TiN interface for the samples annealed at 850, 900, 950 and 1000 ◦C. Blue and red areas indicate the regions where the intensity increases at 900 and 950 ◦C, respectively,
which correspond to regions where bulk transformation is observed in the STEM images. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
peak, is shown in Fig. 10 for samples annealed between 850 and
1000 ◦C.

The coating annealed at 850 ◦C shows a relatively constant domain
size throughout the thickness, with a size of around 10–13 nm. This
corresponds to the early stages of grain boundary h-AlN formation, and
the size is consistent with the STEM image in Fig. 8(e). The intensity
increases gradually towards the top of the coating, indicating a larger
transformed volume.

After the 900 ◦C anneal, the domain size is approximately constant
through the thickness, except close to the surface (blue shaded region),
9

and slightly larger than that after annealing at 850 ◦C. This is reason-
able, as the size will correspond to the grain boundary h-AlN domains in
the inner part (which had coarsened compared to at 850 ◦C), and to the
average of grain boundary and intergranular domains in the outermost
part. The intragranular domains are smaller, and consequently the aver-
age domain size drops close to the surface. This directly correlates with
the increase in peak intensity in the near surface region, as the signal
strength would be the sum of the grain boundary and intragranular
domains. Note that the decrease in intensity observed in the outermost
part is a result of the finite beam size traversing the upper surface in
combination with slight misalignment of the coatings, which will smear
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Fig. 11. STEM micrographs of the coating that has been annealed at 1000 ◦C, (a) is BF and (b) is HAADF. A TiN grain in the lower TiN layer has been oriented along the [101]
zone-axis, orienting the remnants of the two (Ti,Al)N grains that nucleated on top of said TiN grain also along the [101] zone-axis.
the signal across the surface. This is also the likely reason for slight
differences in the extent of the bulk transformation at 900 and 950 ◦C
in Fig. 10 compared to STEM images from thin foils where no such
smearing occurs.

After annealing at 950 ◦C the behaviour is similar, but the decrease
in 𝐷 and the associated increase in normalized intensity occurs closer
to the interface, consistent with the decomposition having occurred to
a much larger depth in the coating (Figs. 3(e) and 5(c)). The measured
size in the outer part is expected to be dominated by the signal from
the intragranular domains, as the volume fraction of grain boundary
regions is considerably smaller. We also note that the domain size in
the untransformed region has not increased noticeably, consistent with
previous STEM observations.

In the coating annealed at 1000 ◦C there is a continuous decrease
in the h-AlN domain size through the coating (from around 20 nm at
the interface to around 15 nm at the surface), while the normalized
intensity remains almost constant. In this case, the size is the average
of intragranular and grain boundary domains throughout the coating.
As the former was shown to coarsen in the inner parts (compare
Fig. 10(a,b) and (c,d)), and the latter was approximately independent of
position, this is again a reasonable behaviour. For the coating annealed
at 1000 ◦C, the domain size for TiN could also be obtained form the
TiN 200 peak, and can be seen to follow the behaviour of h-AlN at the
same temperature, but having a smaller size (Fig. 10), consistent with
STEM observations.

3.4. Spinodal decomposition of the nano-lamellar structure

As previously mentioned, the Ti(Al)N lamellae in coatings annealed
at 900 ◦C and above are substantially broader compared to the lamellae
found in the as-deposited coating. For the coatings annealed at 900 ◦C
and 950 ◦C it is straightforward to image the nano-lamellae structure
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after annealing. Large parts of the coatings remains untransformed and
suitable grains can be tilted to a zone-axis for imaging. For the coating
annealed at 1000 ◦C, only small parts of grains spread through the
transformed coating remain as (Ti,Al)N. These remaining domains are
usually only around some hundred nm in size, making them more
challenging to investigate. However, we have previously shown that
during CVD of (Ti,Al)N on TiN layers with well pronounced {211}
texture, pairs of (Ti,Al)N grains will nucleate epitaxially on TiN grains
and grow inclined along two different [111] directions [42]. By tilting a
TiN grain in the underlying TiN layer to a zone-axis, the pair of (Ti,Al)N
grains that have nucleated on it will also be brought to a zone axis.
In such way domains of untransformed (Ti,Al)N in the coating that
has been annealed at 1000 ◦C can be brought to a suitable zone-axis
for imaging the nano-lamellae structure. It also makes it possible to
compare the nanostructure of an untransformed domain with the rest of
the grain that has transformed and the part of the grain along the lower
(Ti,Al)N/TiN interface that is below the transformation front. Fig. 11
and Fig. 12(d)–(f) are examples of this.

After annealing at 900 ◦C the Ti(Al)N lamellae have a width of
approximately 3 nm compared to 1.8 nm for the as-deposited coating,
notwithstanding any minor variations in periodicity, see Figs. 12(a)
and (b) for typical examples. One possible explanation would be that
the two different types of lamellae begin to fuse together and average
out the difference in Ti:Al ratio. However, this would go against the
well documented drive for (Ti,Al)N to undergo spinodal decomposition
when annealed, and the CSTnD data does not show the diffraction
peaks for the Al(Ti)N lamellae shifting towards larger 𝑑-spacing. In-
stead, the situation can be better understood by remembering that
a STEM micrograph is a 2D projection of the 3D structure of the
lamellae. The Ti(Al)N lamellae in the annealed coatings are not only
wider, but also show larger variations in thickness along the lamellae
compared to the as-deposited coating. This can be explained by growth
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Fig. 12. HAADF STEM micrographs of the nano-lamella structure. (a) As-deposited coating; (b) and (c) untransformed regions in coatings annealed at 900 and 950 ◦C, respectively;
(d) and (e) show the structure in the untransformed and transformed parts, respectively, of the same partially transformed grain in the middle of the coating annealed at 1000 ◦C;
(f) Structure of a grain within the stable nano-lamellae region close to the (Ti,Al)N/TiN interface in the sample annealed at 1000 ◦C; (g) A partially transformed grain in the
coating annealed at 900 ◦C, with a magnification of the boundary between the two parts of the grain shown in (h). (i) (Ti,Al)N/TiN interface in the coating annealed at 950 ◦C.
All grains are oriented along a [101] zone axis.
of pre-existing Ti-rich domains within the Ti(Al)N layer, which in
the 2D projections are stacked upon each other, explaining why the
lamellae appear broader after annealing at 900 ◦C. This is seen also
in untransformed parts of the coatings annealed at 950 and 1000 ◦C,
see Figs. 12(c) and (d) for examples. The Ti(Al)N lamellae are broader
in both these coatings compared to the coating annealed at 900 ◦C,
around 3.1–3.9 nm in the former and 3.5–3.7 nm in the latter and
even more heterogeneous in structure with what looks like overlapping
discrete domains forming along the plane of the Ti rich lamella. Note
that the coating annealed at 950 ◦C is thinner compared to the other
coatings and the periodicity of the nano-lamellae structure is shorter,
and as a consequence the broad Ti(Al)N lamellae are occasionally
overlapping. However, the CSTnD data still indicates that this is best
understood as two sets of domains moving away from each other in
composition, not towards, with broadened diffraction peaks stretching
towards pure cubic c-AlN and TiN. Most of the (Ti,Al)N has transformed
to h-AlN and TiN in the coating that was annealed at 1000 ◦C, and the
signal from the remaining (Ti,Al)N phase visible in the CSTnD plot is
clearly shifted towards smaller 𝑑-spacing compared to the signal visible
in the CSTnD plot for the as-deposited coating. This indicates that Ti
has diffused from the Al(Ti)N lamellae, leaving them very close to (if
not fully) pure c-AlN. FFTs extracted for Al(Ti)N lamellae in Fig. 12(d)
gives a lattice parameter of around 4.06 Å, further supporting that the
Al(Ti)N lamellae are either pure, or close to pure, c-AlN. In contrast,
FFTs extracted from the Ti(Al)N lamellae gives a lattice parameter
of around 4.17–4.25 Å, matching Ti(Al)N lamellae with very high Ti
content.

Remnants of the nano-lamellea structure in regions that had decom-
posed in the coatings annealed at 900 and 1000 ◦C were investigated
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and compared to the nano-lamellae structure in regions that had not.
Fig. 12(e) is from a transformed region in the same grain that Fig. 12(d)
is from and where remnants of the nano-lamellae structure is still
visible. An FFT extracted from the transformed region (Fig. 12(e)) gives
a lattice parameter of around 4.25 Å, matching pure TiN and indicating
that the (Ti,Al)N grain has decomposed partly to TiN domains, which to
a large extent has the same orientation as the original (Ti,Al)N grain.
Interestingly, the pure TiN domains seen in Fig. 12(e) are not much
different in size compared to the ones seen in Fig. 12(d). Figs. 12(g)–
(h) show examples from a partially transformed grain in the top of the
coating annealed at 900 ◦C. The width of the Ti(Al)N lamellae changes
only slightly between the transformed and untransformed region. In
contrast, the Al(Ti)N lamellae, where most of the h-AlN will form,
broaden substantially in the transformed region (∼5.2 nm) compared
to the untransformed (∼3.8 nm), resulting in a change of periodicity
from ∼6.9 to ∼8.4 nm. Additionally, a rotation of the lamellae of
around 6◦ along the transformation front can be seen, illustrating the
volumetric expansion involved in the formation of h-AlN.

It has been suggested that the spatial inhomogeneity of the decom-
position process (more pronounced decomposition in the outer part)
originates from local variations in thermal stability, as the smaller grain
size and lower defect density in the inner part would limit the nucle-
ation [25]. Here we note that the decomposition starts at the surface,
which suggests that the ability to relax the compressive transformation
stresses controls where the process starts, rather than microstructural
features. Nevertheless, as discussed in Section 3.3, a band of untrans-
formed nano-lamellae (Ti,Al)N is present at the (Ti,Al)N/TiN interface
after annealing at 1000 ◦C, see Fig. 6(a). Contrary to the above-
mentioned regions of untransformed (Ti,Al)N found dispersed within
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Fig. 13. Schematic showing the suggested decomposition process.
the parts of the coating which had undergone bulk transformation
(Figs. 6(b) and 12(d)), the nano-lamellae structure in the band close
to the interface had not undergone coarsening. Instead, the width and
periodicity of the as-deposited coating is retained. The band is not
constituted of entire small grains, but are rather the lower part of the
larger columnar grains in the coatings. Furthermore, a much lower
amount of grain boundary h-AlN was found in this region, as previously
mentioned. A similar situation was found for the coating annealed
at 950 ◦C. The microstructure in the lower part of the coating has
begun to coarsen through growth of Ti and Al rich domains. However,
along the (Ti,Al)N/TiN interface there is a band of (Ti,Al)N where the
coarsening has not begun, and where there is a limited formation of
h-AlN along the grain boundaries, see Fig. 12(i). These observations
do indeed support the hypothesis that the thermal stability varies
throughout the coating, with the innermost part being more resistant
to decomposition (although this variation is not the reason for the
inhomogeneous decomposition). The reason for the increased stability
in the vicinity of the (Ti,Al)N/TiN interface is not clear at present,
and will require further detailed studies. However, the fact that the
untransformed band did not consist of individual small grains, but
rather the bottom regions of large elongated grains, indicates that it
is not the grain size which stabilizes the nano-lamellar structure.

As suggested by Tkadletz et al. [26], most of the changes in the
nano-lamellar structure of (Ti,Al)N before h-AlN formation occur in the
Ti(Al)N lamellae, with in-diffusion of Ti from Al(Ti)N lamellae. The
change is probably driven by spinodal decomposition, but could also
possibly be influenced by differences in surface energies between do-
mains. The fact that most of the changes in nanostructure occur in the
plane of the Ti(Al)N lamellae makes TEM image interpretation difficult.
Thus, to get a better understanding for the change in nanostructure
and the factors driving it, further studies using a technique capable of
resolving the structure and chemical distribution of the decomposing
lamellae in 3D, such as APT, is required.

4. Summary and conclusions

In summary, we have investigated the thermal stability of nano-
lamellar Ti0.2Al0.8N coatings deposited by CVD, which were exposed
to isothermal annealing at different temperatures in the range of 800-
1000 ◦C for 3 h in Ar, using a combination of high-resolution STEM
and CSTnD. The results generally agree well with previous studies [25],
but the experimental techniques and choice of annealing conditions
allowed a more detailed picture to emerge, in particular with respect to
the spatial dependence of the decomposition process and subtle changes
occurring at lower temperatures. The following main observations have
been made:
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• At temperatures up to 850 ◦C, very limited formation of h-AlN
occurred. The decomposition was localized to grain boundaries,
where discrete domains of h-AlN, and smaller associated TiN
domains, could be observed. Formation of grain boundary h-AlN
occurred throughout the thickness of the coating.

• At 900 ◦C, more pronounced grain boundary h-AlN formation
occurred, but the start of a bulk decomposition was also observed.
The outermost part of the coating (some 200–300 nm) showed
transformation of the grain interior through spinodal decomposi-
tion. In the untransformed region, Ti-rich domains had started to
form within the Ti(Al)N nano-lamellae.

• The sample annealed at 950 ◦C showed a partially transformed
structure, with grain boundary h-AlN throughout the coating
thickness and bulk transformation through spinodal decompo-
sition in the upper third. This resulted in an increase in the
thickness of the Al(Ti)N lamellae and an increase in periodicity.

• After 3 h annealing at 1000 ◦C, the entire coating had trans-
formed into TiN+h-AlN, except for a thin layer above the
(Ti,Al)N/TiN interface, where the (Ti,Al)N appears to be stabi-
lized.

We conclude that decomposition of (Ti,Al)N into h-AlN and TiN
begins along grain boundaries. This is likely a result of the free volume
associated with these boundaries, which allows the volume expansion
due to formation of h-AlN to be more readily accommodated. However,
the growth of grain boundary h-AlN ceases relatively quickly, due to the
restrictions of the surrounding grains and developing (local) compres-
sive stresses. At the lower annealing temperatures, this effectively stops
further transformation from occurring, at least within the annealing
times used in this study, as the driving force for bulk transformation
of the grain interiors is too low.

At higher temperatures, the grain boundary h-AlN formation is
followed by bulk transformation of the nano-lamellar grains by spinodal
decomposition, starting at the outer surface and sweeping inwards
through the coating. As the decomposition is initially very localized,
being confined to the top 200–300 nm of the coating after 3 h annealing
at 900 ◦C, the start of the decomposition process from the top is
more likely a result of the capability of the near-surface region to
accommodate volumetric expansion rather than a difference in defect
content and homogeneity between the inner and outer parts. Initial
decomposition of Ti(Al)N lamellae is followed by transformation of
Al(Ti)N lamellae, finally leading to a coarsened structure with Ti-rich
domains in a h-AlN matrix. The bulk transformation is relatively slow,
only reaching approximately one third through the coating thickness
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after 3 h at 950 ◦C, and is preceded by formation of grain boundary
h-AlN throughout the entire thickness.

While the current study involves samples annealed for a constant
time at different temperatures, we suggest that the decomposition
process can be generalized to describe the structural evolution with
time, as schematically shown in Fig. 13.
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