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� (Ti,Al)N/TiN multilayers show
interface-directed spinodal
decomposition.

� (Ti,Al)N sublayers within (Ti,Al)N/TiN
reveal self-layering during annealing.

� Ab initio predicts the interface-
directed spinodal decomposition.

� The layered arrangement provides a
higher hardness of (Ti,Al)N/TiN
multilayer.
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Supersaturated (Ti,Al)N materials with face centered cubic (fcc) structure offer unique combinations of
thermal stability and mechanical properties. However, their thermally-induced decomposition processes
are crucial for extracting their full potential. Detailed experimental studies by X-ray diffraction and trans-
mission electron microscopy reveal that the formation of the thermodynamically stable wurtzite-type w-
AlN starts with 1000 �C at 100 �C lower annealing temperatures (Ta) when applying a multilayer-concept
with TiN to form (Ti,Al)N/TiN multilayers. Nevertheless, the hardness of (Ti,Al)N/TiN multilayers peaks
with 32.3 ± 1.0 GPa at a 100 �C higher Ta (900 �C) than the (Ti,Al)N coating, and the hardness declining
trend with increasing Ta is milder. This is because the (Ti,Al)N decomposes towards a layered structure of
Al-rich and Ti-rich regions, when coherently grown with fcc-TiN. Ab initio calculations highlight that Al
within the (Ti,Al)N layers preferentially diffuses away from the coherent interface with the TiN layers.
Thus, out of one (Ti,Al)N layer more layers form, and even upon the phase-transformation of the Al-
rich layers to w-AlN, their layered structure remains. Together, the computational and experimental
results suggest that the layered arrangement provides a higher resistance against dislocation glide and
is beneficial for the coating integrity.
� 2022 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

(Ti,Al)N coatings are well-known materials applied to industrial
cutting tools owing to the combination of high hardness, excellent
corrosion resistance, and especially the age-hardening ability
resulting from spinodal decomposition [1–4]. The thermal decom-
position process of (Ti,Al)N, which involves spinodal decomposi-
tion into isostructural Ti-rich and Al-rich domains and the
following formation of stable face-centered cubic (fcc-) TiN as well
as wurtzite-type (w-) AlN, has been intensively studied by experi-
ments and modeling [1–3,5]. (Ti,Al)N coatings with varied Al con-
tents reveal broad composition and temperature ranges for
spinodal decomposition [6–8]. The lattice mismatch and elastic
difference among the isostructural Ti-rich, Al-rich domains, and
remaining (Ti,Al)N matrix result in coherency strains, which
enhance coating hardness by effectively impeding dislocation
movement [9–12]. However, with elevating the annealing temper-
ature or prolonging the annealing time, the cubic Al-rich domains
transform to w-AlN with a concomitant volume expansion [13,14].
This transformation leads to the decline in hardness [15,16] due to
the relatively lower hardness of w-AlN (14–20 GPa) [17] compared
with fcc-(Ti,Al)N.

Multilayer architectures are promising to tailor the perfor-
mance of hard coatings owing to the combination of dislocation
interference at interfaces [18], strain effects [19], Hall-Petch
strengthening [20], and epitaxial stabilization [21], which lead to
superior hardness and thermal stability over the corresponding
monolithic counterparts. Adding the multilayer concept to (Ti,Al)
N-based coatings allows for a further optimization of their proper-
ties and enables them to be used for even more severe applications
such as high-speed and dry cutting. Amongst the various (Ti,Al)N-
based multilayers, (Ti,Al)N/TiN has attracted broad attention for its
excellent mechanical properties [22] and machining performances
[23]. Knutsson et al. studied the thermal decomposition products
of arc evaporated (Ti,Al)N/TiN multilayers, claiming a spinodal-
type decomposition of Ti1�xAlxN sublayers into fcc Ti-rich and Al-
rich domains [24]. They also reported thermally enhanced
mechanical properties of Ti0.34Al0.66N/TiN multilayers, which were
ascribed to particle confinement and coherency stresses from TiN
sublayers [22]. In Ti0.34Al0.66N/TiN multilayers, spinodal decompo-
sition starts at a lower temperature than for (Ti,Al)N, and the trans-
formation from Al-rich fcc-structured domains to w-AlN is
suppressed [22]. Especially, surface-directed spinodal decomposi-
tion at (Ti,Al)N/TiN interfaces was observed via atom probe tomog-
raphy (APT) and scanning transmission electron microscopy
(STEM) studies [25]. They observed the formation of AlN-rich and
TiN-rich layers parallel to the Ti0.34Al0.66N–TiN interface, during
the thermal decomposition route. An explanation of the above phe-
nomenon owes to the so-called surface-directed spinodal decom-
position (SDSD) that surfaces result in a wave vector directed of
material with spinodal decomposition potential. The SDSD was
observed in polymers [26,27], metals [28], and ceramics [29,30].
However, the role of interfaces during spinodal decomposition in
multilayers is not systematically investigated, which would be
important not only for the microstructure evolution but also the
design of coatings. Therefore, interface-directed spinodal decom-
position (IDSD) [31] rather than SDSD was considered here to elu-
cidate the role of interfaces within multilayers and to distinguish
their effect from general surfaces, like surfaces during growth of
films [32].

The mechanisms behind IDSD in (Ti,Al)N/TiN multilayers still
miss detailed data for their energetic and kinetic aspects. Besides
those, also observations of the thermally-induced interface and
microstructure evolution in (Ti,Al)N/TiN multilayers are missing.
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Here we use a combination of theoretical and experimental meth-
ods for such studies. Transmission electron microscopy (TEM),
scanning TEM (STEM), and high-resolution TEM (HRTEM) were uti-
lized to observe the morphological changes of (Ti,Al)N/TiN multi-
layers and (Ti,Al)N coating upon thermal treatment in the range
800–1200 �C. Ab initio calculations provide explanations at the
atomic scale that the diffusion of Al and Ti is strongly influenced
by the interfaces. These studies are complemented by nano-
indentation experiments for obtaining the hardness variation upon
annealing. The combination of these studies allows to draw a com-
plete picture of the interface-diffusion driven evolution within (Ti,
Al)N/TiN multilayers – leading to a decreased (Ti,Al)N-to-TiN layer
thickness ratio upon annealing – and its consequence on mechan-
ical properties.
2. Computational and experimental details

2.1. Experimental methods

(Ti,Al)N/TiN multilayers and (Ti,Al)N coatings were prepared
using an industrial cathodic arc evaporation system (Rapid Coating
System, RCS, Balzers, Liechtenstein). The sketch map of the deposi-
tion system can be found in a previous work [33]. The ultrasoni-
cally pre-cleaned substrates (cemented carbides, low-alloy steel
foils, tungsten plates) were mounted onto a two-fold rotatable sub-
strate holder. After reaching a base pressure (in the main chamber)
below 1.0 � 10�3 Pa, the chamber temperature was increased to
500 �C, and after reaching 500 �C, the substrates were Ar-ion
etched for about 30 min at a pressure of � 0.3 Pa and by applying
�180 V DC. The (Ti,Al)N/TiN multilayers and the (Ti,Al)N coatings
were prepared in a flowing N2 atmosphere (99.99 % purity, deposi-
tion pressure of � 3.2 Pa), and by applying a substrate bias poten-
tial of �40 V. The (Ti,Al)N layers of the (Ti,Al)N/TiN multilayer and
the (Ti,Al)N coating were obtained by applying arc currents of 180
A to the Ti0.50Al0.50 cathodes. The TiN layers were obtained by
applying arc currents of 160 A to the Ti cathodes. For the (Ti,Al)
N/TiN multilayers, four of the six cathodes were equipped with
Ti0.50Al0.50 and two with Ti (neighboring ones). The (Ti,Al)N coat-
ings were obtained with the same setup but without operating
the Ti cathodes.

A differential scanning calorimeter (DSC, Netzsch-STA 409C)
was utilized to heat powdered coating samples (which were
obtained by chemically dissolving the low-alloy steel foil on which
they had been deposited) from room temperature (RT) to a given
annealing temperature (Ta = 800, 900, 1000, 1100, 1200, 1300,
and 1450 �C) in flowing Ar atmosphere (99.9 purity, flowing rate
of 20 sccm) by 10 K/min. After reaching Ta, the samples were
immediately cooled down by 50 K/min (down to 150 �C, after
which the cooling rate decreased). The coatings ontoW plates were
heated in a CCD533R furnace from RT to Ta = 800, 900, 1000, 1100,
and 1200 �C by 10 K/min with an isothermal segment at Ta of
30 min, after which the heater was turned off (resulting in a cool-
ing rate of greater than 50 K/min down to 100 �C). The chemical
compositions of as-deposited coatings were obtained by energy
dispersive X-ray spectroscopy (EDS, Oxford Instruments X-Max),
being attached to a scanning electron microscope (SEM, Zeiss
Supra) and using an acceleration voltage of 25 kV. Qualitative char-
acterization of the crystalline phases in the coatings in their as-
deposited state and after annealing is obtained via X-ray diffraction
(XRD) of powdered coating samples (using a D8 advance diffrac-
tometer, Cu Ka radiation, k = 1.541 Å, operated at 40 kV and
40 mV, in Bragg � Brentano configuration).

The microstructure and chemical compositions of the as-
deposited and annealed coatings (on W plates) were investigated
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by TEM, HRTEM, and STEM using an FEI Titan G2 60–300 operated
at 300 kV. The EDS linescan results of as-deposited and annealed
TiAlN/TiN samples were actualized by STEM, which provide the
Ti and Al concentrations on metal sublattice. Indentation hardness
(H) values of these samples were derived from analyzing the load–
displacement curves with a Poisson’s ratio of 0.3 corresponding to
TiN [34] – according to Oliver and Pharr [35] – obtained from
nanoindentation (Anton Paar NHT2) with a maximum load of 15
mN and a Berkovich diamond tip. Each data point is the mean
value of more than 20 indentations per sample. More detailed
information on obtaining the coating powder and preparing the
TEM samples, as well as the deposition equipment is described in
[36].
2.2. Calculation details

Diffusion mechanisms were investigated by density functional
theory (DFT) calculations as implemented in the Vienna ab-initio
simulation package (VASP) [37]. The electron–electron exchange
and correlation interactions were studied by approximation of
generalized gradient approximation (GGA) method parameterized
by Perdew-Burke-Ernzerhof (PBE) version [38]. The valence elec-
tronic configurations used in the pseudopotentials were Ti
3d24s2, Al 3s23p1 and N 2s22p3, respectively. The ion–electron
interaction was described by the projected augmented wave
(PAW) method [39,40], with a corresponding plane-wave cutoff
energy of 500 eV. The Brillouin-zone was sampled via
10 � 10 � 10 k-point mesh by Monkhorst-Pack method [41]. The
convergence criteria of electronic self-consistency energy and the
force between atoms for structure optimization were 10-5 eV and
�0.05 eV/Å.

The vacancy diffusion mechanism of metal atoms adopted
within this study has been proven as the main reason for spinodal
decomposition of TiAlN-based coatings [5,42–44]. The calculation
of atomic diffusion is based on the climbing image nudged elastic
band (CI-NEB) theory, implemented by transition state tools for
VASP (VTST). An atom diffuses from its initial equilibrium lattice
position (referred to as initial state, IS) to the neighboring equilib-
rium position (referred to as the final state, FS) through a state cor-
responding to a saddle point (referred to as the transition state, TS)
along the diffusion path [45,46]. Fig. 1 presents the geometric dia-
gram of diffusion pathways for metal atoms in the Ti0.5Al0.5N/TiN
multilayer. The pathways of Al and Ti into a nearest neighbor
(NN) vacancy within the Ti0.50Al0.50N layer are pictured in Fig. 1a
Fig. 1. Geometric diagram of diffusion pathways for (a) Al_B1, (b) Ti_B2, (c
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and b, respectively. Those for Ti into NN vacancies in the TiN layer
are shown in Fig. 1c and d. The corresponding sketch maps of dif-
fusion processes in TiN and Ti0.5Al0.5N are depicted in the supple-
mentary material (Fig. S1 and Fig. S2, respectively). To simplify
notations, the diffusion of M1 atom at P1 site towards nearest
neighbor M2 vacancy at P2 site on (XXX) plane is denoted
asM1P1 ! VP2

M2ðXXXÞ. For example, TiC2 ! VD2
Ti ð100Þ in Fig. S1 repre-

sents the diffusion of Ti atom at C2 sites into nearest neighbor Ti
vacancies at D2 sites on (100) plane.

3. Results and discussion

3.1. Chemical compositions

To simplify notations, all coatings are standardized to 50 at. %
nitrogen as the metal/nitrogen atomic ratio is 1.00 ± 0.08. The
nominal chemical composition of coatings obtained from four Ti0.5-
Al0.5 cathodes is Ti0.52Al0.48N. For easier reading, this Ti0.52Al0.48N
coating is referred to as (Ti,Al)N throughout this work. Correspond-
ingly, the Ti-Al-N layer within the (Ti,Al)N/TiN multilayers is also
referred to as (Ti,Al)N.

3.2. Crystallography

The (Ti,Al)N coating is single-phase fcc structured in the as-
deposited state (Fig. 2a), with the major diffraction peaks between
the standard positions of fcc-TiN (ICDD 00-038-1420) and fcc-AlN
(ICDD 00-046-1200). Annealing at Ta = 800 �C triggers a slight shift
of the XRD peaks to higher diffraction angles, suggesting for macro
strain-reduction, which is typically an indication for recovery pro-
cesses – if the overall XRD response otherwise does not change too
much – where defects such as vacancies and dislocations arrange
towards lower energy sites [15,47]. This is also supported by the
slightly reduced width of the XRD peaks, which is generally associ-
ated with reduced microstrains and increased coherently diffract-
ing domain sizes, two characteristics for recovery processes [48].
Increasing Ta to 900 �C causes a shoulder-development on both
sides of the (111) and (200) XRD peaks, which stems from the for-
mation of mutual coherent Ti-rich and Al-rich domains via spin-
odal decomposition [1–3,49,50]. With Ta = 1000 �C, the shoulders
further increase in intensity and sharpen, suggesting ongoing spin-
odal decomposition. After annealing at 1100 �C, a minor diffraction
signal at 2h � 33.2� suggests the formation of the stable wurtzite-
type structure of AlN (w-AlN, ICDD 00-025-1133). Increasing Ta to
) Ti_C1, and (d) Ti_C2 metal atoms in the Ti0.50Al0.50N/TiN multilayer.



Fig. 2. XRD patterns of the (a) (Ti,Al)N coating and (b) (Ti,Al)N/TiN multilayer (in powdered form after removal from their low-alloy steel foils) after annealing to Ta (given at
the individual patterns), without an isothermal holding segment.
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1200 and 1300 �C leads to continuous increasing diffraction inten-
sity of w-AlN. Simultaneously, the intensities of the XRD peaks
indicative for fcc-AlN decrease while those indicative for fcc-TiN
increase. Finally, after annealing at 1450 �C, no original solid solu-
tion fcc-(Ti,Al)N can be detected anymore, confirming a completed
decomposition into their thermodynamically stable constituents
w-AlN and fcc-TiN.

The XRD pattern of the as-deposited (Ti,Al)N/TiN multilayer
shows cumulative features of the fcc-(Ti,Al)N and fcc-TiN layers
for the (111) and (200) planes, which are captured in the diffrac-
tion range presented in Fig. 2b. Annealing at 800 �C causes a more
separated response by the individual layers to the XRD investiga-
tion, see the slightly separated peaks at the (200) orientation.
The small XRD peaks at the positions of fcc-TiN and fcc-AlN for
the 900 �C annealed samples suggest – in agreement with the
(Ti,Al)N coating – that spinodal decomposition of the (Ti,Al)N sub-
layers into Ti-rich and Al-rich domains started. When it comes to
the decomposition process of supersaturated fcc-structured (Ti,
Al)N towards fcc-TiN and fcc-AlN, the concomitant changes in
stresses/strains need to be considered. Generally, fcc-(Ti,Al)N exhi-
bits a positive deviation from Vegard’s rule, which is a linear inter-
polation between the lattice constants of fcc-TiN and fcc-AlN
[43,51]. The lattice constant – obtained from the corresponding
XRD peak positions – for fcc-Ti0.52Al0.48N is 4.160 Å, and thus
reveals a positive deviation from Vegard’s rule, which would sug-
gest 4.147 Å for fcc-Ti0.52Al0.48N, using 4.242 Å for fcc-TiN (ICDD
00–038-1420) and 4.045 Å for fcc-AlN (ICDD 00–046-1200). Conse-
quently, the spinodal decomposition from fcc-(Ti,Al)N into coher-
ent fcc-TiN and fcc-AlN is connected with a reduction in overall
specific volume (volume per atom), leading to increased tensile
strains [43]. Thus, residual tensile strains within the (Ti,Al)N layers
would even suppress spinodal decomposition whereas compres-
sive residual stresses would promote this. Notable is that the resid-
4

ual stresses (tensile/compressive) can be different in the directions
parallel and perpendicular to the interface between TiN and AlN
[52]. Coherence strains between fcc-TiN and fcc-(Ti,Al)N layers
would leave the latter under tensile strains, because fcc-(Ti,Al)N
has a smaller lattice parameter than fcc-TiN. This simplified picture
suggests that the spinodal decomposition of the (Ti,Al)N layers of
the multilayer should be retarded. However, as spinodal decompo-
sition requires the diffusion of Al and Ti, any process promoting
their diffusion also promotes spinodal decomposition. This is in-
line with phase-field simulations and differential scanning
calorimetry studies of (Ti,Al)N/TiN multilayers [25], reporting
about the promoting effect of interfaces on the spinodal decompo-
sition of their (Ti,Al)N layers.

Contrary to the onset for spinodal decomposition, the formation
of w-AlN can be detected for the (Ti,Al)N/TiN multilayer at
an � 100 �C lower annealing temperature than for (Ti,Al)N, see
the XRD pattern recorded after annealing at Ta = 1000 �C, Fig. 2b.
This finding is different to the study of A. Knutsson et al. reporting
about a suppressed formation of w-AlN for a Ti0.34Al0.66N/TiN mul-
tilayer with respect to the monolithically grown Ti0.34Al0.66N [22].
Contrary to their multilayers, in which the TiN layers are twice as
thick as the (Ti,Al)N layers, in our multilayers the (Ti,Al)N layers
are thicker, but also the Al-content of their (Ti,Al)N layers is higher
and the overall bilayer period (18 nm) is lower. As reported in [53],
the Al content of (Ti,Al)N influences the formation temperature of
w-AlN. However, compared with the (Ti,Al)N sample, the (Ti,Al)N/
TiN multilayer shows even two right-hand shoulders of the major
(200) XRD peak. The explanation of which is addressed in the next
chapter (concentrating on transmission electron microscopy). After
annealing at 1100 �C, almost no fcc-AlN and fcc-(Ti,Al)N can be
detected anymore and the diffraction intensities from w-AlN and
fcc-TiN substantially increased. The XRD patterns recorded after
annealing at 1200, 1300, and 1450 �C are essentially composed of
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solely w-AlN and fcc-TiN phases, indicating a completed decompo-
sition process. Thus, the XRD studies suggest that while the spin-
odal decomposition is initiated at a similar temperature for (Ti,
Al)N and the (Ti,Al)N/TiN multilayer, the latter experiences an ear-
lier formation of w-AlN. Additionally, also the decomposition into
the stable constituents fcc-TiN and w-AlN is completed earlier
for the (Ti,Al)N/TiN multilayer.
3.3. TEM investigations

3.3.1. (Ti,Al)N coatings
Cross-sectional bright-field (BF) transmission electron micro-

scopy of the (Ti,Al)N coating annealed at Ta = 800 �C, Fig. 3a, clearly
shows the pronounced columnar growth morphology with a col-
umn width of � 200–500 nm. The SAED pattern, Fig. 3b, highlights
the single-phase fcc structure. The corresponding STEM-HAADF
image, Fig. 3c, and especially the higher magnification, Fig. 3d,
show periodic nm-sized contrast differences, indicative for spin-
odal decomposition towards Al-rich and Ti-rich coherent domains
[5,54,55]. After annealing at 900 �C, the columnar structure is still
present, see the BF TEM image (Fig. 3e). However, the correspond-
ing SAED investigation conducted with the same aperture size as
for the 800 �C annealed sample (Fig. 3f) already indicates a reduced
overall size of fcc grains. The mass contrast is especially pro-
nounced along the grain boundaries, see the STEM-HAADF image
Fig. 3g. The lamellar contrast along the growth direction stems
from the 2-fold substrate rotation during the deposition process
and the annealing-induced intensification of the defect contrast.
The enrichment of Al at grain and column boundaries is consistent
with three-dimensional atom probe tomography results of mag-
Fig. 3. Cross-sectional TEM investigations of the (Ti,Al)N coating annealed at 800, 900,
images of (Ti,Al)N annealed at 800 �C; (e) BF image, (f) SAED pattern, (g) and (h) STEM-HA
STEM-HAADF images of (Ti,Al)N annealed at 1000 �C.
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netron sputtered Ti-Al-N [2]. The higher magnification STEM-
HAADF image (Fig. 3h) shows an increased contrast modulation
as compared to the 800 �C annealed case (Fig. 3d), manifesting
the ongoing spinodal decomposition. Even after annealing at
1000 �C, the columnar structure is still present (Fig. 3i) and also
the SAED investigation (Fig. 3j) conveys fcc structure. However,
the STEM-HAADF image (Fig. 3k) now clearly shows that especially
the column boundaries are decorated with larger spherical precip-
itates (of lower mass). The size of these Al-rich domains varies
between 4 and 20 nm, Fig. 3l.

Annealing at 1100 �C causes the Al-rich domains at the grain
boundaries to coarsen to � 11–45 nm, see Fig. 4a. HRTEM studies
of such a region at the column boundary, Fig. 4b, prove their w-
AlN nature by the lattice fringes and the semi-coherent growth
with the fcc-Ti(Al)N remainder. The SAED pattern from this area,
Fig. 4c, confirms the w-AlN structure. STEM-mapping profiles of
this column boundary region, Fig. 4d, highlight the Al-
enrichment (Fig. 4e) and Ti-depletion (Fig. 4f) along the column
boundary. The N content only slightly correlates with the columnar
structure, Fig. 4g. The slightly lower intensity of N along the col-
umn boundaries may also stem from the generally larger specific
volume of w-AlN.
3.3.2. (Ti,Al)N/TiN multilayers
The as-deposited (Ti,Al)N/TiN multilayer exhibits a pronounced

columnar grain morphology with clearly distinguishable alternat-
ing (Ti,Al)N and TiN layers, Fig. 5a. The STEM-HAADF investigation
coincides well with the compositional fluctuations of the STEM-
EDS line-scan, revealing a bilayer period of � 32.8 nm consisting
of � 12.7-nm-thin TiN and � 20.1-nm-thin (Ti,Al)N layers. The
and 1000 �C for 30 min: (a) BF image, (b) SAED pattern, (c) and (d) STEM-HAADF
ADF images of (Ti,Al)N annealed at 900 �C; (i) BF image, (j) SAED pattern, (k) and (l)



Fig. 4. Cross-sectional TEM investigations of the (Ti,Al)N coating annealed at 1100 �C for 30 min: (a) BF image, (b) HRTEM image of the area marked in (a), (c) SAED pattern of
the center region in (a), (d) STEM-HAADF image with STEM-EDX mapping profiles of (e) Al, (f) Ti, and (g) N.

Fig. 5. Cross-sectional TEM investigations of the as-deposited (Ti,Al)N/TiN multilayer: (a) BF image, (b) STEM-HAADF image with STEM-EDX line-scan profile, and (c) HRTEM
image.

Fig. 6. Cross-sectional TEM investigations of the (Ti,Al)N/TiN multilayer after annealing at 800 �C for 30 min: (a) BF image and (b) STEM-HAADF image with STEM-EDX line-
scan profile.
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(Ti,Al)N/TiN layer thickness ratio is thus � 1.6 in the as-deposited
state. There are no detectable fluctuations of the metal elements
within the individual (Ti,Al)N and TiN layers along the growth
direction. HRTEM (Fig. 5c) demonstrates that the lattice fringes
continuously expand across several adjacent layers, indicating epi-
taxial growth of the (Ti,Al)N and TiN layers.

Upon annealing to 800 �C, the interfaces between the (Ti,Al)N
layers (dark contrast in Fig. 6a) and TiN layers (bright contrast in
6

Fig. 6a) are still smooth and parallel to each other. The BF TEM also
shows large columnar grains with � 100 nm width. The STEM
investigation, Fig. 6b, clearly shows well-separated TiN and (Ti,
Al)N layers of � 14.5 and 17.0 nm thickness, respectively. Thus,
the (Ti,Al)N/TiN layer thickness ratio noticeably decreases from
the as-deposited value of � 1.6 to � 1.2 upon annealing at
800 �C. The STEM-EDS line scan verifies the decreased (Ti,Al)N
layer thickness and increased TiN layer thickness, as compared to
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the as-deposited state. Additionally, the elemental profile shows a
smoother transition from the (Ti,Al)N to the TiN layers.

Upon increasing Ta to 900 �C, the thickness of the TiN layers fur-
ther increases and that of the (Ti,Al)N layers decreases, while still
keeping the overall columnar structure and parallel layer arrange-
ment, Fig. 5a. STEM-HAADF investigations reveal comparable layer
thicknesses of 16.6 nm for both layers, Fig. 5b. But now the Al fluc-
tuation within the (Ti,Al)N layer is apparent with three consecutive
peaks across their thickness, see the STEM-EDS line scan in Fig. 5b.
This coincides with the general impression obtained from the
STEM-HAADF image that next to the TiN layer there is an Al-rich
layered region within the (Ti,Al)N layer. After which a Ti-rich lay-
ered region within the (Ti,Al)N layer is formed to be followed by
an Al-rich layered region. This process resembles a spinodal
decomposition as there is a diffusion against the concentration gra-
dient (uphill-diffusion). But contrary to the spinodal decomposi-
tion within more homogenous (Ti,Al)N coatings – where the
formation of Al-rich and Ti-rich domains is more statistically dis-
tributed (neglecting preferential sites at grain and column bound-
aries) – the coherent growth of (Ti,Al)N layers on TiN layers
provides a changed boundary condition. In order to minimize the
overall coherency strains – which would increase upon the forma-
tion of additional Al-rich and Ti-rich regions within the (Ti,Al)N
layers – the spinodal decomposition of (Ti,Al)N regions next to
the TiN layers will proceed by thickening the already present
coherent TiN layers. This in further consequence naturally leads
to the spinodal formation of Al-rich layers adjacent to that. This
essentially resembles the already mentioned interface-directed
spinodal decomposition, IDSD, which can also be understood by
the strains present at the coherent interfaces between fcc-
structured (Ti,Al)N and TiN. The lattice parameter a of fcc-Ti1-
xAlxN continuously decreases from 4.24 Å (for fcc-TiN [ICDD 00–
038-1420]) to 4.05 Å (for fcc-AlN [ICDD 00–046-1200]) with
increasing Al-content � [56]. Thus, the formation of Ti-rich fcc-
Ti1-x+DAlx-DN upon a spinodal decomposition of fcc-Ti1-xAlxN is
promoted at tensile-strained regions – in the direct proximity to
the TiN layers for our (Ti,Al)N/TiN multilayers. This phenomenon
is also verified by ab initio calculations, presented in the following
chapter.
Fig. 7. Cross-sectional TEM investigations of the (Ti,Al)N/TiN multilayer after annealing a
scan profile.
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The samples annealed at 1000 �C exhibit a more pronounced
layered structure as those annealed at lower Ta, and the overall
layer-thickness-ratio massively changes, comparing Fig. 8a with
Fig. 7a. STEM-HAADF investigations capture the alternating forma-
tion of Ti-rich (bright contrast) and Al-rich (dark contrast) layers,
Fig. 8b. The corresponding STEM-EDS line scan highlights a
double-peak in the Al-profile, as already anticipated from the BF
TEM (Fig. 8a) as well as STEM-HAADF (Fig. 8b) images. HRTEM
investigations, Fig. 8c, confirm the wurtzite structure for the Al-
rich layers and indicate even stacking faults within the fcc-
structured Ti-rich layers (marked by arrows). Inverse Fast Fourier
Transformation (IFFT) of an interface region between w-AlN and
fcc-TiN layers (marked in Fig. 8d), indicates a semi-coherent
growth of these phases with an orientation-relationship according
to the studies by Rafaja et al. [57]. The STEM-EDS line scan suggests
for about 8 Ti-rich layers over the distance of 280 nm, thus one
stack of Ti-rich and Al-rich layers is about 35 nm wide. This nicely
agrees with the following simplified assumption: The as-deposited
bilayer period is 33 nm, which comprises 20-nm-thin fcc-
Ti0.52Al0.48N and 13-nm-thin fcc-TiN. A simplified layered spinodal
decomposition of the fcc-Ti0.52Al0.48N would result in 10-nm-thin
fcc-AlN and 10-nm-thin fcc-TiN, from which 5 nm dock onto the
existing fcc-TiN layer underneath and 5 nm onto the fcc-TiN layer
above (seen from a fcc-Ti0.52Al0.48N layer sandwiched between two
fcc-TiN layers). This essentially leaves us with a stack of 23-nm-
thin fcc-TiN and 10-nm-thin fcc-AlN. If now the latter phase trans-
forms to its thermodynamically stable wurtzite morphology (with
the connected volume expansion by 28 %), the layer thickness
increases to 12.8 nm. Hence, overall we would have 23.0 + 12.8 =
35.8 nm, in excellent agreement with the STEM-EDS line profile.

Annealing at 1100 �C causes the layered arrangement to slightly
transform towards a more spherical formation of especially the
minority component w-AlN, Fig. 9a. STEM-HAADF and the corre-
sponding STEM-EDS maps, Fig. 9b, c, and d, respectively, prove that
the more spherical regions are essentially AlN, being encapsulated
in TiN. The HRTEM investigation, Fig. 9e, clearly indicates the fcc-
structure for TiN and the wurtzite structure for AlN and the loss
of the layered arrangement. The latter is based on the competing
energies. Strain-energy minimization would favor the platelet or
lamellar arrangement whereas surface-energy minimization
t 900 �C for 30 min: (a) BF image and (b) STEM-HAADF image with STEM-EDX line-



Fig. 8. Cross-sectional TEM investigations of the (Ti,Al)N/TiN multilayer after annealing at 1000 �C for 30 min: (a) BF image, (b) STEM-HAADF image with STEM-EDX line-scan
profile, (c) and (d) HRTEM, and (e) IFFT images.

Fig. 9. Cross-sectional TEM investigations of the (Ti,Al)N/TiN multilayer after annealing at 1100 �C for 30 min: (a) BF image, (b) STEM-HAADF image STEM-EDX mapping
profiles of (c) Al and (d) Ti, and (e) HRTEM image.
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would favor the spherical formation of w-AlN. Especially at higher
temperatures, the latter is possible due to the increased formation
of misfit dislocations.
3.4. Ab-initio calculations

The detailed TEM studies clearly show that the spinodal decom-
position of the (Ti,Al)N layers is influenced by the coherent inter-
face with the TiN layers. To further elucidate the underlying
mechanism of such an interface-directed spinodal decomposition
process, ab initio calculations combining the climbing image-
nudged elastic band (CI-NEB) method were used to investigate
the atomic diffusion near the (Ti,Al)N/TiN interface.

Fig. S3 of the supplementary material illustrates the diffusion
barriers of Ti along different diffusion pathways in a TiN supercell
calculated by CI-NEB. The Ti ? VTi (001) diffusion path reveals the
highest barrier since only 4 atoms are truncated on the (001) plane
while 20 atoms in each of the other two directions are truncated.
The midpoint of the reaction coordinate corresponds to the highest
value of the energy barrier, which is considered as the diffusion
activation energy along specific diffusion paths [58]. Accordingly,
the self-diffusion activation energy of Ti in TiN is 3.31 eV without
considering the diffusion on the (001) plane. Fig. S4 of the supple-
mentary material shows the diffusion energy barriers of Ti
(Fig. S4a) and Al (Fig. S4b) in a Ti0.50Al0.50N supercell along different
diffusion paths. While the results from final state (FS) energy of the
Ti ? VAl diffusion paths is positive, that of the Al ? VTi diffusion
paths is negative, indicating an energetically preferred diffusion
of Al. Additionally, the diffusion process of Al ? VTi (100) reveals
the lowest activation energy of all diffusion processes considered.
It is worth noting that under spring force, the Al atom leaves the
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equilibrium position at first, which causes breaking of the Al-N
bond and leaves an Al vacancy. Subsequently, as Al continues to
diffuse into the adjacent Ti vacancies (VTi), the Al atom bonds with
the surrounding N, leaving Al on the original Ti vacancy sublattice
(AlTi). Thus, the corresponding diffusion of Al ? VTi can also be
denoted as AlAl þ VTi ! VAl þ AlTi.

Consequently, the spinodal decomposition process of (Ti,Al)N is
triggered by the diffusion of Al. As diffusion at surfaces and inter-
faces is faster than in the lattice, the formation of Al-rich regions is
typically detected first at column and grain boundaries [2,47,59],
see also Fig. 4.

The diffusion barriers for atoms along different routes near the
interface in (Ti,Al)N/TiN multilayer (Fig. 10) reveal the preferential
diffusion of Al away from the interface towards the middle of the
(Ti,Al)N layer. Ti atoms within the TiN layer (at the coherent inter-
face with the (Ti,Al)N layer) preferably diffuse even across the
interface. The diffusion barriers for Al at B1 to the internal posi-
tions A1 and A2 are relatively low (Fig. 10a), indicating that Al
tends to diffuse to the internal region of (Ti,Al)N, away from the
interface. The diffusion activation energy of Al? VTi (100) is lower
than that of Al ? VAl (010), suggesting that it is easier for Al to dif-
fuse to the Ti vacancy in (Ti,Al)N than to the Al vacancy. The acti-
vation energies for Ti at B2 to the interior positions A1 and A2
(Fig. 10b) also indicate an inward diffusion tendency of Ti away
from the interface. But the diffusion activation energy of Ti ? VTi

(100) is lower than that of Ti ? VAl (010), so that Ti tends to dif-
fuse to the Ti vacancy in (Ti,Al)N. If we now combine these results,
with the addition that Al is faster, Al diffuses away from the inter-
face to Ti vacancies closer to the middle of (Ti,Al)N. This leaves
additional vacancies closer to the interface which are preferably
occupied by Ti. Within the TiN layers (Fig. 10c and d), Ti tends to



Fig. 10. Diffusion barriers as a function of the coordinate for different diffusion pathways of (a) Al_B1, (b) Ti_B2, (c) Ti_C1, and (d) Ti_C2 in the Ti0.50Al0.50N/TiN supercell.

Fig. 11. Indentation hardness of the (Ti,Al)N coating and the (Ti,Al)N/TiN multilayer
after annealing at Ta for 30 min (coatings on W plates).
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diffuse to the (Ti,Al)N layer across the interface, as the activation
energies of Ti at C1 (or C2) to the B1 and B2 positions in (Ti,Al)N
are relatively low. The route Ti ? VTi (010) reveals the lowest dif-
fusion barrier, manifesting that Ti intends to diffuse to Ti vacancies
instead of Al vacancies of the (Ti,Al)N layer. The preferential
inward diffusion of Al within (Ti,Al)N and the diffusion of Ti
towards the interface in TiN – induced by the (Ti,Al)N–TiN inter-
face – coincides well with TEM investigations. Upon annealing at
800 �C (Fig. 6b), Ti-rich layers form at the initial interface to the
TiN layer, so that the thickness of the TiN layer increases at the
expense of the (Ti,Al)N layer. Furthermore, with the intensified dif-
fusion of Al and Ti at 900 �C, two Al-rich layers form in (Ti,Al)N and
the thickness of the TiN layer further increases (Fig. 7b). Conse-
quently, Al vacancies exist near the initial (Ti,Al)N–TiN interface,
which induces the diffusion of Ti within (Ti,Al)N to the interface
and sustains the thickening of the TiN layer.

The detailed average activation energy and driving force, the
energy difference between the final state and the initial state, of
the different diffusion routes in TiN, Ti0.5Al0.5N, and Ti0.5Al0.5N/
TiN also confirm the interface induced spinodal decomposition in
multilayer structure. To avoid making the paper lengthy, the
related discussions are given in supplementary materials
(Table S1 and S2). In short, the introduction of TiN layer obviously
promotes the inward diffusion of Al and Ti in (Ti,Al)N sublayers.
3.5. Hardness

The detailed TEM investigations – supported by ab initio calcu-
lations – help to understand the annealing-induced hardness evo-
lution of the (Ti,Al)N/TiN multilayer with respect to the (Ti,Al)N
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coating, Fig. 11. In agreement with previous reports, the (Ti,Al)N
coating experiences a hardness increase upon annealing due to
the well-studied spinodal decomposition to form coherent Ti-rich
and Al-rich domains [1–3]. The lattice parameter and elastic con-
stants variation with the Al-content [56] lead to coherency strains
[43], which together with the formed domains effectively retard
dislocation mobility and thereby harden the material [1]. For the
(Ti,Al)N coating investigated here, this causes the hardness to
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increase from 30.9 ± 0.8 GPa to 32.8 ± 1.0 GPa when annealed at
800 �C (for 30 min). This same sample is investigated by TEM
and shows all signs of spinodal decomposition, yet without any
signs for w-AlN. With further increasing Ta to 900 and 1000 �C,
the hardness declines to 30.4 ± 0.6 and 28.1 ± 1.1 GPa, respectively,
which is also commonly observed due to further coarsening of the
domains and the reduced interference with dislocations. Further
increasing the annealing temperature to 1100 �C causes the precip-
itation of w-AlN (Fig. 4), initiating a drop in hardness to 22.9 ± 0.6
GPa. The wurtzite-type structure of AlN (w-AlN) is much softer
than the metastable fcc-AlN modification. After annealing at
1200 �C (for 30 min), the hardness is 22.1 ± 0.9 GPa, thus still
higher than for bulk ceramic TiN (�17 GPa [60]).

In the as-deposited condition, the hardness of the (Ti,Al)N/TiN
multilayer is 29.3 ± 1.1 GPa, and thus according to the rule of mix-
ture. As presented, their (Ti,Al)N-to-TiN layer thickness ratio is 1.6,
and using this relation the estimated hardness would be 29.9 GPa
(with 28.4 ± 0.6 GPa for TiN [33]). Although in general the H–vs–Ta
curve of the (Ti,Al)N/TiN multilayer is similar to that of (Ti,Al)N,
there are distinct and important differences. The hardness peaks
(32.3 ± 1.0 GPa) with Ta = 900 �C, thus at a 100 �C higher temper-
ature, although TEM studies indicate that the spinodal decomposi-
tion process is also initiated at already 800 �C. Even more
important is that the hardness decline after the peak-value is less
pronounced and still allows for 29.0 ± 1.0 GPa with Ta = 1100 �C,
although the formation of w-AlN can already be detected with
Ta = 1000 �C (Fig. 8). The distinct difference to (Ti,Al)N is, that for
the (Ti,Al)N/TiN multilayer the Al-rich regions as well as w-AlN
(when annealed at higher temperatures) are layered. Such layered
structures would allow for more effective dislocation interference
than spherical-like precipitates, especially for loading parallel to
the layers (like the indentation of our coatings). A well-known
and well-studied example would be Pearlite and spheroidized
Pearlite (the latter being much softer, in German this is even called
‘‘weichgeglühter Perlit”, thus softened Pearlite). Similarly, Knuts-
son et al. [22] also reported a wider temperature with high hard-
ness in Ti0.34Al0.66N/TiN multilayers due to the suppressed
spherical precipitation and growth of AlN precipitates. Annealing
the (Ti,Al)N/TiN multilayer at 1100 �C initiates the spheroidization
of the w-AlN layers (to minimize the overall surface and interface
energy contribution) and the hardness decreases to 29.0 ± 1.0 GPa.
Ongoing spheroidization during annealing at 1200 �C further
reduces the hardness to 24.1 ± 1.0 GPa.
4. Conclusions

The spinodal decomposition behaviors of a (Ti,Al)N coating and
a (Ti,Al)N/TiN multilayer were comparatively studied by XRD, TEM,
nanoindentation, and ab initio calculations. Contrary to the (Ti,Al)N
coating, which is classified by a randomly distributed formation of
Al-rich and Ti-rich domains via spinodal decomposition but a bit
more triggered at the column and grain boundaries due to the
increased diffusivity here, the (Ti,Al)N/TiN multilayer exhibits a
layered arrangement of these Al-rich and Ti-rich domains. The
experimental results obtained are nicely supported by ab initio cal-
culations combining the CI-NEB method, which suggest a preferen-
tial diffusion of Al from the coherent (Ti,Al)N–TiN interface
towards the middle of (Ti,Al)N.

XRD and TEM results reveal that the temperature at which w-
AlN forms, is 100 �C lower for the (Ti,Al)N/TiN multilayer than
for the (Ti,Al)N coating. For the latter, w-AlN preferentially forms
at grain and column boundaries, while for the (Ti,Al)N/TiN multi-
layer, w-AlN forms with a unique layered structure parallel to
the original coherent interfaces between fcc-(Ti,Al)N and fcc-TiN.
This self-layering mechanism is driven by the interface-directed
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spinodal decomposition between the fcc (Ti,Al)N and TiN layers.
The formation of this layered structure can be explained by ab initio
combing the CI-NEB method, which predicts the preferential diffu-
sion of Al from the coherent interface towards the middle of (Ti,Al)
N. Thus, Ti-rich layers are formed along the initial (Ti,Al)N–TiN
interface and thereby the layer-thickness-ratio between (Ti,Al)N
and TiN decreases from 1.6 (as-deposited) to 1.2 (800 �C).

At 900 �C, more layers are observed through the intensified dif-
fusion process. Two Al-rich layers form inside the (Ti,Al)N layer
due to the preferential inward diffusion of Al from both sides of
the coherent interfaces with fcc-TiN. Although Ti also tends to dif-
fuse away from the interface towards the middle of (Ti,Al)N, Al is
faster (as suggested by calculations) and leaves vacancies behind,
into which preferentially Ti diffuses. Hence, the thickness of the
TiN layers increases and within the (Ti,Al)N layers additional Al-
rich and Ti-rich layers form. Even upon the formation of w-AlN
at 1000 �C, this unique layered structure still remains within the
(Ti,Al)N/TiN multilayer. This layered structure is more resistant
against mechanical loading than the more random and spherical
formation of w-AlN within the (Ti,Al)N coating.
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