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A B S T R A C T

The stress in thin wear resistant coatings is of great importance for the performance and service life of tools for
metal cutting. In this work we have performed detailed investigations of the phase stability and temperature-
dependent residual stresses in Al-rich AlxTi1-xN ((Al,Ti)N) coatings deposited by chemical vapor deposition
(CVD) on cemented carbide substrates. One as-deposited (Al,Ti)N coating and one coating post-annealed at
850 ◦C for 3 h were heated to 1200 ◦C while the structure and residual stresses were monitored by in situ high
energy synchrotron X-ray diffraction. In the as-deposited state, the coating is in tensile stress at room temper-
ature, but post-annealing resulted in a reduction of the room temperature residual stress. This lowering can be
explained by growth of hexagonal AlN (hAlN) at the (Al,Ti)N grain boundaries during the isothermal hold time.
Upon heating, the temperature-dependence of the residual stresses in both coatings are initially controlled by the
mismatch in coefficients of thermal expansion (CTE) with the substrate, which leads to compressive stresses at
typical service temperatures. Decomposition starts gradually at around 850–900 ◦C, resulting in an accelerated
development of large compressive stresses with increasing temperatures, until the entire coating is transformed
at temperatures just below 1100 ◦C. The growth of hAlN initiates slightly higher in temperature after post-
annealing, whereas the upper limit for complete transformation remains unaffected. The lowered room tem-
perature tensile stress after post-annealing leads to higher compressive stress at service temperatures, which is
expected to improve the performance and service time of the coated tool.

1. Introduction

Al-rich AlxTi1-xN ((Al,Ti)N) coatings are widely used today as hard
protective coatings for cutting tools due to their excellent wear and
oxidation resistance in combination with good chemical stability. [1–3]
(Al,Ti)N coatings with a metastable face centred cubic (FCC) structure
have traditionally been deposited onto cemented carbide substrates by
physical vapor deposition (PVD), where the mechanical and chemical
properties tend to improve as more Al is incorporated in the solid so-
lution. The main challenge with the (Al,Ti)N coatings from PVD, is the
solubility limit of Al around x= 0.67–0.7, as higher Al-content results in
an undesirable hexagonal AlN (hAlN) phase. [4–6] Decreased hardness
have been reported for mixed cubic (Al,Ti)N and hAlN coatings, [7,8] as
well as inferior oxidation resistance, [9,10] compared to single phased
cubic (Al,Ti)N coatings. The Al solubility limit is possible to overcome by

another deposition method. Low pressure chemical vapor deposition
(LP-CVD) has demonstrated the ability to produce metastable cubic (Al,
Ti)N coatings with Al-contents as high as x = 0.9. [8,11,12] These
coatings can be grown to a complex microstructure consisting of large,
elongated grains extended through the coating thickness, and heterog-
enous chemical composition in the form of Ti-rich and Al-rich nano-
lamellae within the grains. [13–17] The lamella thicknesses typically are
in the range 5–10 nm. [15,17,18] Approximate stoichiometries of
Al0.5Ti0.5N and Al0.9Ti0.1N, for the Ti-rich and Al-rich lamellae respec-
tively, have been reported for coatings with an overall stoichiometry of
Al0.8Ti0.2N, [17–19] but atom probe tomography has revealed large
variations in the chemical composition also within the lamellae. [18,20]

The intricate microstructure and chemical inhomogeneity in the
nanolamellar (Al,Ti)N CVD coatings give rise to complex spinodal
decomposition and transformation reactions. Ex situ X-ray diffraction on
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coatings [8,16–19] and in situ X-ray diffraction on coatings [7] and
powders [18,21], in combination with electron microscopy and other
complementary techniques have been used to understand the decom-
position mechanisms. However, there are large deviations in the re-
ported temperature ranges for the reactions between different studies,
spanning from start of hAlN formation below 850 ◦C to full decompo-
sition only being achieved after annealing at 1200 ◦C for a prolonged
period of time. [7,8,16–19] The temperature discrepancies reported in
the literature are likely due to different processing and experimental
conditions and prove the metastable nature of the (Al,Ti)N coatings,
where the thermal stability and mechanical properties are governed not
only by thermodynamics but also kinetics. Still, there seems to be a
consensus; at elevated temperature hexagonal AlN starts to form at the
(Al,Ti)N grain boundaries, but the early spinodal decomposition and
cubic-to-hexagonal AlN transformation is restricted by the associated
large volume expansion. Bäcke et al. reported that an (Al,Ti)N coating
annealed for 3 h at 850 ◦C had very limited, but still identifiable, discrete
domains of hAlN at the grain boundaries, which were more pronounced
if the coating was annealed at 900 ◦C for 3 h. [17] This is in agreement
with the observations of Tkadletz et al., where small amounts of hAlN
were present in the as-deposited coating and no significant change was
seen after annealing at 900 ◦C for 5 min. [18] By further increasing the
temperature, bulk transformation of the coating into hAlN and cubic TiN
occurs, where the transformation front moves from the surface, through
the grains and inwards to the substrate. Bäcke et al. reported bulk
transformation to begin slowly around 900 ◦C and more evident at
950 ◦C, but full decomposition is only achieved after annealing for 3 h at
1000 ◦C, resulting in complete removal of the lamella structure. [17]
Tkadletz et al. described the spinodal decomposition to initiate around
1000 ◦C [7,18] in the Ti-rich lamellae with growth of cubic AlN clusters
until a critical size is reached, where the whole coating transforms at
once, since the Al-rich lamellae are no longer epitaxially stabilized by
the Ti-rich lamellae. [7] The fully decomposed microstructure was re-
ported to consist of discrete TiN particles embedded in a hAlN matrix.
[7,18] However, a thin (Al,Ti)N layer at the interface to the TiN bottom
layer of a few hundred nanometres has been reported to remain in some
cases, even after prolonged exposure to high temperatures. [17,18]

The residual stresses are of interest because of their impact on
various coating properties such as adhesion, fracture toughness, hard-
ness, and lifetime of the inserts. [22] For cutting tools, compressive re-
sidual stresses are preferred as they are known to improve mechanical
properties and delay crack initiation and propagation. [22] Moreover,
as-deposited PVD Al0.55Ti0.45N coatings on cemented carbide inserts
fabricated with intermediate levels of compressive stress (0–3 GPa) have
been shown to give the best cutting performance and the longest tool
life, when compared to coatings with higher compressive stresses and
coatings with tensile stress. [23] To ensure compressive stresses in the
(Al,Ti)N coatings, post-treatment of the as-deposited coatings, such as
dry or wet particle blasting or annealing is routinely done. The effect of
post-annealing will depend on the temperature and time, as spinodal
decomposition and transformation reactions will occur at elevated
temperatures. However, increased hardness in the (Al,Ti)N coatings
have been observed for coatings with small amounts of hAlN precipi-
tation, due to the resulting compressive stresses, reminiscent of age
hardening effects. [7] Tkadletz et al. performed in situ heating experi-
ments using synchrotron X-ray diffraction and calculated the macro-
scopic strain developed in the (Al,Ti)N coating during annealing. Their
findings show that at room temperature, the macroscopic strain corre-
sponds to a tensile stress of 1.45 GPa, reaching a minimum of − 2 GPa
(compressive stress) at 1000 ◦C caused by the hAlN precipitation at the
grain boundaries. [7] The same temperature also indicated the border
between age hardening and over averaging, by the peak in coating
hardness of 36.5 GPa. [7] Post-annealing can also give relaxation in the
coating, demonstrated by Todt et al., who investigated the in-depth
stress profile of Al0.95Ti0.05N coatings with cross-sectional nano-
diffraction. [8] The cubic (Al,Ti)N phase has a rapid stress increase from

around − 2 GPa (compressive) at the surface of the coating, to an equi-
librium value of − 0.3 GPa 2 μm into the coating. After annealing at
1050 ◦C the stress no longer depended on the depth but had a constant
value around − 1.5 GPa (compressive). [8] The same trend was seen for
the hAlN phase. Another interesting aspect of the role of residual stresses
is the one reported in the related (Al,Cr)N-based coating systems. It was
shown that the stress state of the coating determines the onset of the
spinodal decomposition and transformation reactions, where the re-
actions were delayed until a certain composition dependent value of
residual stress was exceeded in the coating. [24,25] While residual
stresses are expected to play a crucial role in (Al,Ti)N coatings, their
assessment is typically limited to room temperature measurements, with
little exploration into their temperature dependence, possibly due to the
complexity of such measurements. Notable exceptions are the work by
Tkadletz et al. [7] and the recently published paper by Moreno et al.,
which conducted operando high energy X-ray diffraction of PVD (Al,Ti)N
coatings during high-speed metal cutting. Their study demonstrated
temperatures higher than 727 ◦C along the tool edge and that the strain
evolution varies at different positions in the coating due to both thermal
and mechanical stresses. [26] Both studies utilize synchrotron X-ray
diffraction to investigate the strain in the coating in situ during annealing
or operando during cutting and showcase the importance of these types
of measurements in order to understand the role residual stresses play in
the performance of (Al,Ti)N coatings.

In this work, the effect of post-annealing after deposition was
investigated for CVD (Al,Ti)N coatings deposited onto cemented carbide
substrates. Possible improvements of the coating performance due to the
post-annealing were evaluated with respect to residual stresses and
thermal stability. In situ high energy synchrotron X-ray diffraction was
used to study the phase evolution during heating to 1200 ◦C for both
coatings. Peak fitting of selected (Al,Ti)N, TiN and hAlN peaks was used
to investigate the decomposition reactions and calculate the
temperature-dependent residual stress in the (Al,Ti)N phase. The ob-
servations were supported by electron microscopy of the coatings before
and after the in situ heating cycle. The thermal stability was found to be
relatively insensitive to post-annealing, as the spinodal decomposition
and transformation reactions were not significantly altered and the final
decomposition temperature was unaffected. Mechanisms governing the
residual stress evolution in the (Al,Ti)N coatings are also discussed,
where the stresses heavily depend on the degree of hAlN formation in
the coatings.

2. Experimental

(Al,Ti)N coatings were deposited onto cemented carbide inserts (94
wt% WC, 6 wt% Co) with SNMA120412 geometry in an industrial low
pressure CVD process. Prior to coating deposition, the inserts were
ground on the top rake face using a grinding wheel of D25 grain size and
cleaned. A TiN adhesion layer of approximately 1 μm thickness was
deposited from TiCl4, N2 and H2 as precursor and carrier gases at 850 ◦C
and pressures below 150 mbar. The (Al,Ti)N coatings were deposited
using TiCl4, AlCl3 and NH3 as precursor and carrier gases at a temper-
ature between 700 ◦C and 750 ◦C and a pressure below 25mbar. The (Al,
Ti)N-layer had an approximate thickness of 6 μm and overall composi-
tion of Al0.85Ti0.15N determined by energy dispersive X-ray spectroscopy
(EDS). To investigate the effect of post-annealing on the thermal sta-
bility of the coatings, one sample was isothermally annealed in Ar at-
mosphere at 850 ◦C for 3 h after coating deposition. The annealing was
performed in a vacuum tube furnace slightly above atmospheric pres-
sure to avoid surface oxidation. Prior to heating, 3 cycles of evacuation
and venting with Ar were done at room temperature, and another cycle
at 100 ◦C to evacuate adherent moisture in the system. The heating rate
was set to 13.75 ◦C/min. After switching off heating, the upper part of
the furnace was swung open to achieve a maximum cooling rate. The
inserts were cut in half using a diamond cut-off wheel by a Struers
Accutom equipment prior to the in situ synchrotron measurements.

K. Bakken et al.
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In situ high energy grazing incidence transmission X-ray diffraction
experiments were conducted at the P07 beamline at Petra III, DESY
(Hamburg, Germany). The experimental setup is illustrated in Fig. 1. A
400 × 100 μm2 rectangular beam with an energy of 103.8 keV (λ =

0.119450 Å) was used. Full ring diffractograms were recorded using a
Perkin Elmer XRD 1621 flat panel detector. A LaB6 standard powder was
used for calibration. Each frame was an average of 40 images with 0.1 s
exposure (4 s effective exposure time), where a corresponding dark
frame was subtracted from each recorded frame. The samples were
placed with the rake face parallel to the beam in a dilatometer setup (DIL
805 dilatometer), where they were held in place by Al2O3 rods and
heated by induction in vacuum (Fig. 1). The thermocouple was attached
to the samples on the WC substrate exposed by the cutting of the inserts
(Fig. 1), which could lead to an underestimation of the actual temper-
atures in the coating, due to temperature gradients through the sample.
The incidence angle was set by manually tilting the samples a few de-
grees around the y-axis (ω in Fig. 1) relative to the incoming beam, to
increase the signal from the coating relative to the substrate. The heating
cycle consisted of a fast heating step using 50 ◦C/min up to 600 ◦C,
followed by a slower heating step using 25 ◦C/min in the temperature
range where the decomposition reactions are expected to occur and up
to 1200 ◦C. The samples were held at the maximum temperature for 10
min, before cooling with an average rate of 200 ◦C/min. The tempera-
ture profiles are shown in Fig. 3, Fig. 6, and Fig. 7.

Data processing and analysis was performed using Jupyter Note-
books utilizing the pyFAI python package [27] and scripts based on the
xrdfit python package [28]. Due to shadows on the detector from ab-
sorption and scattering of the sample blocking the beam, only the top
160◦ of the diffractogram could be used (Fig. 1). An integration of the
full 160◦ range was done for each frame for following the phase evo-
lution with maximum temperature resolution. For stress calculations the
2D diffraction images were also integrated with an azimuthal slicing of
10◦ (“caked”). To increase the signal-to-noise ratio in the caked data
used for residual stress calculations, 5 frames were averaged stepwise,
giving an effective temperature resolution (i.e. change in temperature
between the averaged frames) of ca. 41 ◦C/frame during the fast heating
segment, ca. 19 ◦C/frame for the slow heating segment, and ca. 91 ◦C/
frame during cooling. Peak fitting was done using a Pseudo-Voigt
function for all the recorded frames during heating for both the caked
and fully integrated data, where the limits for each peak were functions
of temperature to account for thermal expansion. The d-spacings from
the peak fitting of the caked data was used to calculate residual stresses
in the different phases following the procedure outlined in Meindlhumer
et al. [24], where the slope of the d-sin2γ curve

m =
∂dhkl(T)
∂sin2γ

= σr(T)
1
2
shkl2 (T)dhkl0 (T) (1)

is related to the equibiaxial in-plane residual stress (σr), the X-ray elastic

constant (12s
hkl
2 ) and the strain-free lattice parameter (dhkl0 ) for the

respective reflection. Note that Eq. (1) correspond to the standard sin2Ψ -
approach to residual stress determination, with Ψ ∼ γ. Errors due to this
approximation are negligible as the diffraction angles are small. The use
of Eq. (1) is based on the assumption of an equibiaxial stress state,
motivated by the small coating thickness. Errors for the d-spacings were
used to weight the data in the line fit to remove uncertain data points.
The temperature-dependent (assumed isotropic) X-ray elastic constants
for each {hkl}-reflection for (Al,Ti)N were calculated by DECcalc [29]
based on temperature and composition-dependent single crystal elastic
constants Cij from Shulumba et al. [30]

The microstructure of the as-deposited and post-annealed (Al,Ti)N
coatings were imaged both before and after the in situ synchrotron ex-
periments. The surface morphology of the coatings was characterized in
a Zeiss Leo Ultra 55 Gemini field emission gun scanning electron mi-
croscope (SEM) using the secondary electron detector. Cross-sections of
the coatings were studied by preparing thin foils from the sides/edges of
the inserts using an FEI Versa 3D focused ion beam SEM (FIB-SEM) with
an Omniprobe micromanipulator. Imaging of the cross-sections was
performed in an FEI Titan 80–300 aberration-corrected transmission
electron microscope (TEM). The TEM instrument was operated in the
scanning mode (STEM) at 300 kV and equipped with a bright field (BF)
detector, a high angle annular dark-field (HAADF) detector and an Ox-
ford X-ray EDS detector.

3. Results

3.1. In situ heating of (Al,Ti)N coatings

The microstructure of the as-deposited and post-annealed (Al,Ti)N
coatings was investigated both by SEM and STEM (Fig. 2). Images were
acquired for equivalent samples in the as-deposited and post-annealed
state before they underwent the in situ heating cycle during the syn-
chrotron measurements. The BF STEM images of the as-deposited and
post-annealed coating (Fig. 2(a) and (b), respectively) demonstrate
elongated grains that extend through the whole coating layer. The in-
sertions show an SEM image of the surface morphology of the coating,
where the characteristic pyramidal grains can be seen in both coatings.
Post-annealing did not significantly alter the microstructure of the
coating, compared to the as-deposited coating, with one exception: hAlN
grains at the (Al,Ti)N grain boundaries. Small amounts of tiny hAlN
grains can be seen in the as-deposited coating, but these were hard to
image, while the phase fraction and grain size of hAlN on the (Al,Ti)N
grain boundaries significantly increased after post-annealing (Fig. S1 in
the supplementary information). Fig. 2(c) shows one (Al,Ti)N grain in
the post-annealed coating tilted to the zone axis, where the presence of
hAlN grains along the (Al,Ti)N grain boundary is clearly visible. A high-
resolution STEM image of one of the hAlN grains (Fig. 2(d)) was used to

Fig. 1. Overview of the experimental setup at the P07 beamline at DESY (Hamburg, Germany) showing the sample orientation relative to the incoming beam and the
coordinate system for the azimuthal division of data relative to the diffraction rings is indicated on the detector. The sample geometry, placement of the thermo-
couple and the inside of the dilatometer used in the experiment are also illustrated.

K. Bakken et al.
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confirm the crystal structure of the (Al,Ti)N and hAlN grains. Fast
Fourier transformations (FFTs) of different regions in the grains are
shown in Fig. 2(e) and (f), demonstrating the topotaxial formation of
hAlN on the grain boundaries of the (Al,Ti)N grains where the c-axis of
hAlN phase is oriented along the 〈111〉 − direction of the (Al,Ti)N phase,
in agreement with previously reported orientation relationships. [17]

Synchrotron XRD patterns were continuously recorded during the
heating cycle to 1200 ◦C for both as-deposited and post-annealed (Al,Ti)
N coatings. The resulting 2D surface plots are presented in Fig. 3(a) and
(b), respectively, where the first part of the heating cycle is cut, as no
changes occurred below 700 ◦C. The full dataset is shown in Fig. S2 in
the supplementary information. The corresponding temperature profile
for the diffraction patterns is shown in Fig. 3(c). Diffractograms at room
temperature before the in situ heating cycle and at the maximum tem-
perature (red dashed line in the 2D surface plots) for both samples are
included in Fig. 3(d) and (e). At room temperature, prior to the heating
cycle, the diffraction patterns (Fig. 3(d) and (e)) exhibit peaks from the
cubic (Al,Ti)N coating, the cubic TiN adhesion layer and the WC-Co
substrate. At elevated temperatures, distinct broad peaks attributed to
hAlN appear in the 2D surface plots (Fig. 3(a) and (b)), with neglectable
diffraction signal prior to the in situ heating cycle. Moreover, there is an
abrupt change in the diffraction patterns of both the as-deposited and
post-annealed coatings around 1070 ◦C, where the (Al,Ti)N peaks
disappear (indicated by a black dotted line in Fig. 3), leaving only peaks

from TiN and hAlN in the coating, which implies that the spinodal
decomposition and transformation reactions in the bulk of the coating
occurs quickly above a certain temperature threshold. It’s noteworthy
that the diffraction peaks from the hAlN phase only appears in the dif-
fractograms around the temperature where the (Al,Ti)N phase disap-
pears, approximately at 1070 ◦C, while small hAlN precipitates at the
(Al,Ti)N grain boundaries have been observed by STEM in this work and
previously by TEM by Bäcke et al. [17], especially for post-annealed
coatings. This means that the amount of grain boundary hAlN formed
during the post-annealing is below the limit for a detectable signal in the
diffractograms.

Peaks attributed to the cemented carbide substrate, namely WC [31],
hexagonal Co3W (PDF Card 01–071-7505) and cubic Co6W6C [32], were
identified based on their d-spacings. The peaks at 3.030 Å− 1 and 3.506
Å− 1 are presumed to originate from cubic Co [33] in the substrate binder
phase. At elevated temperature, tungsten and carbon dissolve into the
Co-phase, which results in peak splitting and the notable shift in d-
spacing, which reverts back to a single Co-phase during cooling though
WC precipitation. The peaks from the substrate are indicated as “WC” in
black and “sub.” in purple in Fig. 3, referring to the main WC phase and
the other phases (Co3W, Co6W6C, Co), respectively. The {400} and
{333} peaks of Co6W6C partially overlap with the {100} hAlN and {200}
TiN peaks, respectively, and the {111} of the presumed Co-phase
partially overlap with the {200} (Al,Ti)N peaks. Consequently, these

Fig. 2. BF STEM images of the microstructure of the (a) as-deposited and (b) post-annealed coating, before the in situ heating cycle, taken on the side of the insert that
was not finely ground (bottom rake face). The insertions are secondary electron SEM images showing pyramidal microstructure of the coating surfaces. The post-
annealing resulted in hAlN formation at the grain boundaries, exemplified by the BF STEM images in (c) and (d). Fast Fourier transformation (FFT) of the re-
gions indicated in subfigure (d), demonstrating the crystal structure of (e) (Al,Ti)N and (f) hAlN along the [101] and [100] zone-axis, respectively.

K. Bakken et al.
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peaks were also included in the peak fitting process. Despite the pres-
ence of substrate-related diffraction peaks, these are not the central
focus of our analysis and are not elaborated upon further. The most
intense diffraction lines in Fig. 3 are from the WC substrate, as diffi-
culties with sample alignment resulted in large intensity differences. All
diffractograms are therefore plotted with an arcsinh-scaling of the in-
tensity to enhance the visibility of the weak coating peaks, while not
amplifying the noise in the background too much.

The (Al,Ti)N coatings have a {111} preferred orientation, which can

be seen by the azimuthal dependence of the intensity of the diffraction
rings in Fig. 3(f) and (g) for the as-deposited and the post-annealed
coating, respectively. The intense arc sections on the {200} rings at
positions in agreement with the expected ±54.7◦ reflections for {111}
preferred orientation (and the arc section at 0◦ on the {111} ring shown
in Fig. S1 in the Supplementary Information), serve as clear indicators.
The positions of the arcs are similar for both samples, as texture is not
expected to change due to post-annealing. Additionally, the signal from
the TiN adhesion layer is only seen as a weak diffraction line showing no

Fig. 3. 2D surface plots of the full 160◦ integrated diffractograms recorded during the heating cycle for (a) the as-deposited and (b) the post-annealed (Al,Ti)N
coatings. Intensities are on an arcsinh(I)-scale. Peaks corresponding to hAlN, TiN, (Al,Ti)N and peaks from the substrate; WC and other phases (Co3W, Co6W6C and
Co, denoted “sub.”) and are indicated in the top panel with their room temperature values. Horizontal lines are intensity changes as a result of sample movements
during heating. (c) Time-Temperature profile of the in situ heating cycle for both samples. Diffractograms at room temperature before the heating cycle and at the
maximum temperature (red dashed line in 2D surface plots at 46 min) are shown for (d) the as-deposited and (e) the post-annealed sample, where the indices of the
coating related peaks are also indicated. The substrate phases (Co3W, Co6W6C and Co) are marked by asterisks in the room temperature diffraction pattern. The room
temperature 2D diffractograms before the heating cycle in the q-range that contain the {200} TiN and the {200} (Al,Ti)N peaks are shown in (f) and (g) for the as-
deposited and post-annealed samples, respectively, illustrating the textured nature of the (Al,Ti)N coating. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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International Journal of Refractory Metals and Hard Materials 124 (2024) 106810

6

intensity variation with the azimuthal angle, implying a random texture.
The microstructure of the as-deposited and post-annealed (Al,Ti)N

coatings after the in situ synchrotron heating cycle are shown in Fig. 4.
The coatings are completely decomposed and consist of hAlN and TiN. In
certain areas, the remains of the initial structure can still be seen (bot-
tom insertions), as TiN particles (dark spots) that formed according to
the original lamella structure. This is in accordance with the synchrotron
measurements demonstrating only diffraction peaks from hAlN and TiN
after the heating cycle (Fig. 3). The pyramidal surface morphology (top
insertions) was still intact after decomposition.

3.2. Peak fitting and stress calculations

The phase evolution was examined more in detail by fitting peaks for
the (Al,Ti)N, TiN and hAlN phases for the fully integrated diffracto-
grams. Residual stress for the (Al,Ti)N peaks were calculated based on
the caked diffractograms from fitting a straight line to the d-sin2γ-curves,
like the one shown in Fig. 5(a), and entering the values for the slope m
and d0 in Eq. (1). The data points were weighted based on the errors
from the peak fitting (error bars), to improve the accuracy of the stress
calculation. Selected representative peak fits are illustrated in Fig. 5(b)-
(g) for different azimuthal angles and temperatures for the {200} TiN
and {200} (Al,Ti)N peaks, which are overlapping with peaks from the
substrate. The peak fitting is complicated due to the (Al,Ti)N {111}
texture, making the intensity and peak overlap with substrate peaks a
function of both the azimuthal angle (Fig. 5(b)-(d)), and temperature
(Fig. 5(e)-(g)) as peak widths, intensities and positions will shift at
elevated temperatures. The temperature-dependent peak limits are
indicated as vertical dashed lines, set to compensate both for the
changes in temperature, but also to make sure the right peak is fitted
when the degree of peak overlap change as a function of the azimuthal
angle. The amplitudes (area under the peaks) from the peak fitting were
normalized based on the room temperature value for the (Al,Ti)N peaks,
while the TiN and hAlN peaks were normalized based on the room
temperature value after annealing. Consequently, the intensity ratios are
not representative of phase fractions, but they allow qualitative analysis
of changes in the amount of the different phases. All peaks were also
corrected according to the background intensity.

The results of the fits of the {110} hAlN, {220} TiN and {222} (Al,Ti)
N peaks are displayed in Fig. 6, while the fits of the {100}, {200} and
{222} (Al,Ti)N peaks are compared in Fig. 7. The black dots on the 2D

surface plots indicate the peak positions determined by the peak fitting,
while the corresponding normalized amplitudes of the peaks as a func-
tion of temperature are displayed to the right. The full temperature
profiles of the samples are shown on the left. The {110} hAlN, {220} TiN
and {222} (Al,Ti)N peaks were selected for visualisation of the phase
evolution as there is no overlap with other peaks, despite the lower in-
tensity compared to lower index reflections. At low temperatures, cubic
TiN (from the adhesion layer), (Al,Ti)N and substrate phases are present
in both the as-deposited and post-annealed sample. Upon heating to
600 ◦C, the amplitude of the (Al,Ti)N and TiN peaks decreases for both
samples (Fig. 6(d) and (h) for as-deposited and post-annealed coating,
respectively), which is likely an effect of the increasing Debye-Waller
factor (intensity decay due to thermal vibrations), rather than an indi-
cation of any reactions, especially considering the corresponding in-
crease in peak amplitudes occurring during cooling of the samples.
Moreover, the Debye-Waller factor gives a stronger effect for higher
index reflections, which fits with the behaviour seen in both the as-
deposited and post-annealed coating (Fig. 7(e) and (k), respectively).
A rapid decrease in (Al,Ti)N amplitudes is observed in the temperature
range from around 900 ◦C to approximately 1070 ◦C in both coatings
(Fig. 6 and Fig. 7). The latter temperature is assumed to correspond to
the complete transformation of (Al,Ti)N. The amplitude of the TiN peaks
for the two samples is relatively stable until there is a rapid increase
from around 900 ◦C until the coating is fully transformed. The increase
in the TiN intensity could be interpreted as the onset of spinodal
decomposition of (Al,Ti)N to TiN and metastable cubic AlN. This would
thus be expected to be accompanied by the appearance of shoulders on
the (Al,Ti)N peaks corresponding to cubic AlN. [17] No such shoulder
was not observable in the data presented in this work, most likely due to
the weak intensity from the coating peaks relative to the substrate
signal. However, it could also be affected by the high Al-content in (Al,
Ti)N (Al = 0.85), since the d-spacing of the cubic (Al,Ti)N and the cubic
AlN phase are close, it would be hard to differentiate between those two
phases with the peak resolution in this work, especially taking the shift
due to thermal expansion into account. No hAlN phase was observed in
the diffractograms below the temperature for complete (Al,Ti)N trans-
formation, while above this temperature, the amplitude of the hAlN
peak increases, and this peak also becomes visible in the diffractograms
(Fig. 6(b) and (f)). This suggests that while hAlN have been reported to
form along grain boundaries at lower temperatures [7,17,18], this
process is too slow to give detectable amounts of hAlN (at the current

Fig. 4. BF STEM images of the fully decomposed microstructure of the (a) as-deposited and (b) post-annealed coating, after the in situ heating cycle on the unground
(bottom rake face) and the ground (top rake face) side of the inserts, respectively. The top insertions are secondary electron SEM images showing the pyramidal
microstructure of the coating surface. The bottom insertions are BF STEM images showing remains from the original lamellar microstructure of the coatings.
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heating rate) before the complete transformation occurs around
1070 ◦C. [17] The abrupt transformation of the (Al,Ti)N coating is also
evident from the {111} and {200} (Al,Ti)N peaks, presented in Fig. 7,
along with the {222} peak, for both the as-deposited and post-annealed
coating. This demonstrates that even though the intensity from the
{222} (Al,Ti)N peak is weaker compared to the lower index peaks, the
observed behaviour is representative for reactions in the coating, as all
the fitted (Al,Ti)N peaks display similar behaviour, for both samples.
However, the {111} (Al,Ti)N peak (Fig. 7(b) and (g)) overlap in position
with the {101} hAlN peak at elevated temperature, so the amplitude and
the position for the {111} (Al,Ti)N peak are indicated below 1070 ◦C. All
the (Al,Ti)N peaks exhibit a sharp decrease in the peak amplitude before
the coating is fully transformed, and the amplitude of the {200} and
{222} peaks stabilize close to zero afterwards for both samples. A

noteworthy feature in the 2D surface plots in both Fig. 6 and Fig. 7, for
both the as-deposited and post-annealed sample, is the change in
background intensity (and peak intensities) during heat and cooling.
The experimental setup did not facilitate adjusting for thermal expan-
sion or movements due to temperature change, which resulted in
apparent intensity changes that are solely due to sample movement and
not to changes in the coating, which made it necessary to normalize the
amplitudes from the peak fitting to the background.

From the peak fitting of the (Al,Ti)N peaks, residual stresses were
calculated, and a symmetric moving average is presented to make the
trends more visible and reduce the noise. Fig. 8 displays the residual
stress for both the as-deposited and post-annealed sample, demon-
strating a very cohesive stress evolution obtained from the {111} and
{200} peaks. The residual stress of the {222} (Al,Ti)N peak is not

Fig. 5. Typical results from the peak fitting and stress calculations. (a) Position of the peaks (d-spacing) plotted as a function of the azimuthal angle (γ), and the
corresponding weighted line fit for the {200} (Al,Ti)N peak. The values from the fits in subfigure (b)-(d) are indicated. (b)-(d) shows peak fitting of the {200} peaks of
TiN and (Al,Ti)N from the first frame of the as-deposited sample at room temperature, before the in situ synchrotron heating cycle. Due to the textured nature of the
(Al,Ti)N coating, the intensity varies with the azimuthal angle (γ). The overlap with substrate peaks, which also show some variation with the azimuthal angle, meant
that the peak fitting was non-trivial. (e)-(g) The TiN, (Al,Ti)N and substrate peaks also showed changes in intensity, peak width and position as a function of
temperature, further complicating the peak fitting process. The dashed lines are the borders of the peaks, which were varied as a function of temperature.
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included, as the low intensity of this peak makes the signal-to-noise ratio
too high after caking to produce reliable results. The residual stress is
tensile in both samples at room temperature, but the post-annealing has
resulted in a decrease of the room temperature residual stress, from 0.40
to 0.27 GPa for the {111} peak and 0.43 to 0.10 GPa for the {200} peak.

The expected average macroscopic stress evolution solely due to
mismatch in coefficient of thermal expansion (CTE) between (Al,Ti)N
and WC are indicated as a grey dashed lines in Fig. 8, and calculated by
fitting a line with the stress values for the {200} peak and fixing the
slope to the one given by CTE mismatch [34] and the E-modulus for (Al,

Fig. 6. (a) and (e) Time-temperature profiles of the in situ heating cycle for the as-deposited and post-annealed (Al,Ti)N coating. 2D surface plots of the integrated
diffractograms recorded during the synchrotron heating cycle for (b) and (f) the {110} hAlN and {220} TiN peaks and (c) and (g) the {222} (Al,Ti)N peak, where the
position from the peak fitting is indicated with black dots. (d) and (h) Normalized amplitudes from the peak fitting. The black dashed horizontal lines are guides to
the eye and indicate the start and end temperatures for the coating decomposition.

Fig. 7. (a) and (g) Time-temperature profiles of the in situ annealing for the as-deposited and post-annealed (Al,Ti)N coating, respectively. 2D surface plots of the
integrated diffractograms recorded during the synchrotron heating cycle for (b) and (h) the {111} (Al,Ti)N peak, (c) and (i) the {200} (Al,Ti)N peak and (d) and (j)
the {222} (Al,Ti)N peak, where the position from the peak fitting is indicated with black dots for (Al,Ti)N and white in the case of the {101} hAlN peak overlapping
with the {111} (Al,Ti)N. (e) and(k) Normalized amplitudes from the peak fitting. The black dashed horizontal lines are guides to the eye and indicate the start and
end temperatures for the decomposition.
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Ti)N [35]. Notably, both samples seem to align with the expected
thermal stress up until around 900 ◦C, above which the residual stresses
of both samples deviate from the expected trend, and the difference
between the two samples gradually diminish, ultimately converging at
the same level of compressive stress before the coating is fully trans-
formed. The deviation from the expected trend occurs at a lower tem-
perature in the as-deposited coating (ca. 830 ◦C) than the post-annealed
coating (ca. 920 ◦C), suggesting that the onset of the decomposition was
slightly delayed by the post-annealing. Due to the governing influence of
the CTE mismatch on the residual stress evolution in both samples, the
reduction observed at room temperature due to post-annealing was
retained even above the post-annealing temperature. Furthermore, the
decrease in room temperature residual stress also leads to a reduction in
the temperature necessary for achieving compressive stresses in the
coating. This transition occurs at approximately 560 ◦C for the as-
deposited but is reduced to around 240 ◦C after post-annealing.

4. Discussion

4.1. Spinodal decomposition and transformation in CVD (Al,Ti)N
coatings

Microstructural investigations revealed hAlN particles at the (Al,Ti)
N grain boundaries for both the as-deposited and the post-annealed

coating before the synchrotron measurements (Fig. 2). Although in the
case of the as-deposited coating, the size of the hAlN grains was small,
making them hard to image. After post-annealing at 850 ◦C for 3 h, there
was a significant increase in the phase fraction and grain size of hAlN
along the (Al,Ti)N grain boundaries. This is in line with previous
microstructural investigations. [17] The in situ X-ray diffraction patterns
of both the as-deposited and the post-annealed (Al,Ti)N coating in this
work showed that the coatings follow the decomposition pathway out-
lined in previous studies. [7,17,18] Only peaks corresponding to (Al,Ti)
N, TiN and the substrate were observed in the diffraction patterns
(Fig. 3, Fig. 6, Fig. 7) prior to the in situ heat cycle. No peaks corre-
sponding to hAlN appeared in the X-ray diffraction patterns, likely due
to limited amounts of this phase in combination with the challenging
sample alignment and the resulting weak peak intensities form the
coating phases.

Upon heating from room temperature, there was no significant
change in the diffraction peaks of the coating phases below around
900 ◦C (Fig. 6), but above 900 ◦C the amplitudes of the (Al,Ti)N peaks
start to decrease, while the amplitudes of the TiN peaks start to increase.
Based on previous reports, this decrease in the amplitude of the (Al,Ti)N
peaks coupled with the increase in the amplitude of the TiN peak is
interpreted as due to the spinodal decomposition reaction

c(Al,Ti)N→cAlN+ cTiN (2)

Fig. 8. Symmetric moving average of the residual stress in both the as-deposited and post-annealed (Al,Ti)N coatings for the {111} and {200} peaks. The standard
deviation from the moving average calculation is represented by error bars. The macroscopic stress due to mismatch of coefficient of thermal expansion (CTE) is
illustrated by the grey dashed lines based adjusted to overlap with the linear region of the {200} peak for both coatings. The blue and red dashed lines indicate the
suggested onset of the decomposition. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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even though the corresponding cubic AlN phase is not observed in the
diffraction patterns (Fig. 7). Despite the presence of hAlN along the grain
boundaries in both the as-deposited and post-annealed (Al,Ti)N coat-
ings, diffraction peaks of hAlN only appear in the diffraction patterns
(Fig. 6) above approximately 1070 ◦C, where the (Al,Ti)N peaks are no
longer visible in the diffraction patterns (Fig. 7). This temperature cor-
responds to the complete transformation of the coating, where hAlN
forms either by transformation of preceding spinodal decomposition
through the reaction

cAlN→hAlN (3)

or by transformation from (Al,Ti)N directly

c(Al,Ti)N→hAlN+ cTiN (4)

Previous work show that the reactions initiate at the grain bound-
aries and at the coating surface, but that at temperatures below 1000 ◦C
these reactions are slow and self-limiting due to the volume expansion
associated with the formation of hexagonal phase at the grain bound-
aries. [17] These observations fit well with the limited changes in the
diffraction peaks observed in this work, with onset of decomposition
occurring around 900 ◦C and complete transformation after reaching
1070 ◦C. Further, this work demonstrates no significant effect of the
post-annealing on the thermal stability of the (Al,Ti)N coatings. While
there appears to be an increase in the onset temperature of the decom-
position, this aspect will be discussed further in connection to the re-
sidual stress evolution below.

4.2. Mechanisms governing the temperature dependent residual stresses in
(Al,Ti)N CVD coatings

The temperature-dependent residual stress evolution for the {111}
and {200} (Al,Ti)N peaks for the as-deposited and post-annealed coating
(Fig. 8) shared some similarities. Both the as-deposited and post-
annealed coating initially followed a linear trend. However, in the
temperature range of 800–950 ◦C, the coatings deviate from the ex-
pected thermal stress. Moreover, post-annealing reduced the room
temperature tensile stress in the (Al,Ti)N coating and led to an increase
in the onset temperature for the accelerated development of compres-
sive stress from 830 ◦C in the as-deposited coating to 920 ◦C in the post-
annealed. This observed behaviour can be understood by considering
two mechanisms contributing to the stress state of the (Al,Ti)N phase;
CTE mismatch and growth of hAlN. These mechanisms are illustrated in
Fig. 9, along with themoving average of the calculated residual stress for
the {200} (Al,Ti)N peak in both the as-deposited and post-annealed
coating.

Since the thermal expansion coefficient for the WC-Co substrate is
smaller than that of the (Al,Ti)N coating, compressive stresses will start
to develop in the coating upon heating from room temperature, as a
linear function of the temperature (grey dashed lines in Fig. 8 and
Fig. 9). This is exactly what is observed at low to intermediate temper-
atures, and if no other mechanism contributed to the residual stress state
in the coating, post-annealing would not result in a change in residual
stress. It is well documented in the literature and observed in this work

Fig. 9. Schematic overview of the mechanisms governing the temperature dependent stress development of (Al,Ti)N coatings. The data points are the moving
average of the calculated residual stress for the {200} (Al,Ti)N peaks from Fig. 8. The expected stress from CTE mismatch with the substrate is indicated as grey
dashed lines. The shaded regions signify temperatures where the residual stress is a combination of the CTE mismatch stress and the stress from growth of hAlN on the
(Al,Ti)N grain boundaries. The latter mechanism is illustrated in the insert. The proposed change in stress occurring during the post-annealing is indicated by a
black arrow.
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(Fig. 2), that hAlN forms at the (Al,Ti)N grain boundaries at low to in-
termediate temperatures (< 900 ◦C) relative to the temperature where
the decomposition is complete. The transformation from cubic to hex-
agonal AlN is associated with a volume expansion of around 26% [36],
which creates compressive stresses in the (Al,Ti)N grains. Therefore,
above around 830 ◦C, the residual stress in the as-deposited coating is
mainly governed by the stress due to growth of the hAlN phase and is no
longer solely controlled by the CTE mismatch, resulting in the acceler-
ated stress development illustrated in Fig. 9. Since the hAlN growth in
the as-deposited coating starts around 830 ◦C, a significant increase in
the phase fraction and grain size of hAlN phase occurs during the 3 h
post-annealing at 850 ◦C. This growth gives a more compressive stress
state in the coating. The residual stress is also governed by the CTE
mismatch during cooling, following the same linear behaviour down to
room temperature but starting from the new, more compressive, stress
state at the end of the 850 ◦C hold time. This results in the reduced
tensile stress observed in the post-annealed coating at room tempera-
ture. Upon heating of the post-annealed coating, the onset of the hAlN
growth is increased from 830 ◦C to 920 ◦C due to a more compressive
residual stress state in the coating from already formed hAlN grains at
the (Al,Ti)N grain boundaries (Fig. 2). As for the as-deposited coating,
upon heating the post-annealed coating to temperatures above the onset
of hAlN growth, the residual stress in the coating rapidly decrease from a
combination of CTE mismatch and compressive stress developing from
the continued growth of hAlN on the (Al,Ti)N grain boundaries. The
stress approaches − 2 GPa in both the as-deposited and post-annealed
coating as the growth of hAlN continues, until the coating is
completely transformed around 1070 ◦C.

Bäcke et al. suggested that the phase transformations are influenced
interchangeably by temperature and time, given the metastable nature
of the (Al,Ti)N phase. [17] From a stress evolution perspective this
implies that the stress developed during the 3 h post-annealing period is
analogous to continuously heating to a higher temperature. From Fig. 9,
it can be inferred that post-annealing at 850 ◦C for 3 h effectively results
in the same stress level found after heating to approximately 950 ◦C
during the in situ exposure. Themechanisms outlined above remain valid
only when the transformation is confined to the grain boundaries, and
no bulk transformation occurs.

The calculated tensile stress of 0.43 GPa for the {200} (Al,Ti)N peak
in the as-deposited coating at room temperature is somewhat lower than
the expected value of 0.62 GPa based on stress from CTE mismatch
development during cooling from the deposition temperature. Further-
more, the temperature where zero stress is reached (around 560 ◦C), is
lower than the deposition temperature (700–750 ◦C), which is where a
stress-free state would be expected. Considering the error bars in Fig. 8,
the difference could be due to the measurement technique or caused by
the small amount of hAlN formed at the grain boundaries in the as-
deposited coating (Fig. S1). Only the post-annealed coating showed
significant amounts of grain boundary hAlN (Fig. 2), which is believed to
be the reason for the considerably lower stress state, 0.10 GPa tensile
stress for the {200} (Al,Ti)N peak. The calculated residual stress values
in this work were notably lower than those reported by Tkadletz et al.
for (Al,Ti)N coatings from low pressure CVD investigated by in situ
synchrotron XRD, where a tensile stress around 1.45 GPa at room tem-
perature was calculated from the obtained microscopic lattice strain. [7]
However, the maximum compressive stress of approximately − 2 GPa at
1000 ◦C reported by Tkadletz et al. [7] corresponds well with the
maximum compressive stresses found in this work (Fig. 8) at the final
transformation temperature. The discrepancy in the room temperature
residual stress values calculated in this work and those reported by
Tkadletz et al., could be due to sample processing, as the properties of
CVD (Al,Ti)N coatings are known to be dependent on processing pa-
rameters such as deposition temperature and pressure, both of which are
lower in the current work (700–750◦ and < 25 mbar) compared to that
of Tkadletz et al. (790◦ and 45 mbar) [7]. Different experimental ap-
proaches for the stress measurements could also influence the obtained

residuals tress values. It is important to note that the X-ray elastic con-
stants used for the stress calculations in this work are based on single
crystal elastic constants from simulations, which have not been experi-
mentally verified. Further, the sin2Ψ -approach assumes a texture-free
coating with equiaxed grains, while the (Al,Ti)N coatings in this work
exhibit columnar grains and {111}-texture (Fig. 2). Thus, the reported
values should be interpreted as trends, rather than exact numbers.
Inaccurate X-ray elastic constants would affect the slopes of the stress-
temperature curves (Fig. 8), but not the point of zero stress. Nonethe-
less, the agreement between the slopes of the stress curves at lower
temperatures and the stress expected from CTE mismatch indicate that
the reported trends are realistic. Moreover, in the current work, difficult
alignment of the samples before the in situ synchrotron measurements
did result in weak coating peaks and a strong diffracted signal from the
substrate, which influenced the peak fitting. These errors should be in
the same order of magnitude for each of the coatings, meaning that even
if the exact values might not be accurate, the trends found should still be
valid. Especially considering the linear trend in the residual stress found
for both coatings at low to intermediate temperatures. Additionally, it is
worth noting that the placement of the thermocouple on the substrate
side of the samples (Fig. 1) may have resulted in measured temperatures
that are lower than the actual temperature within the coating, owing to
thermal gradients across the sample. However, given the consistency of
our data with the cited literature and the coherence of observed trends
and mechanisms, any such discrepancy in the temperature measure-
ments is unlikely to affect the general validity of our findings.

These results suggest the potential to extrapolate values of the re-
sidual stress measured at room temperature to higher temperatures, up
to the onset of the decomposition. This is significant, as coated inserts
experience elevated temperatures during cutting and machining. [26]
Lastly, this work emphasises the importance of utilizing in situ charac-
terization tools, such as high energy synchrotron X-ray diffraction, for
investigating the mechanisms governing the spinodal decomposition
and transformation reactions in these hard coating systems. The
advantage of tracking the evolution of the residual stress was demon-
strated, and its importance for understanding how the performance and
service time of (Al,Ti)N coatings can be improved. The methods outlined
demonstrate the potential of using in situ or operando synchrotron
diffraction for investigating other aspects of the (Al,Ti)N coatings, such
as mechanical impact, effects of TiN top layers or other types of post-
treatments such as dry or wet blasting and the role residual stresses
and hAlN formation plays in relation to the performance.

5. Conclusion

The effect of post-annealing on thermal stability and residual stress
of CVD (Al,Ti)N coatings on cemented carbide substrates was investi-
gated for using in situ high energy synchrotron X-ray diffraction, sup-
ported by electron microscopy. Temperature-dependent residual
stresses were calculated based on fitting of selected (Al,Ti)N peaks,
while the spinodal decomposition and transformation reactions were
monitored by peak fitting of selected (Al,Ti)N, TiN and hAlN peaks. The
in situ synchrotron measurements revealed no significant difference in
phase evolution and thermal stability between as-deposited and post-
annealed (Al,Ti)N coatings. Both the onset of the spinodal decomposi-
tion and the bulk transformation occur at similar temperature in both
coatings. The residual stresses in both coatings were governed by the
stress from mismatch in coefficients of thermal expansion with the WC-
Co substrate. Post-annealing reduced the tensile residual stress at room
temperature due to the increased phase fraction and grain size of hAlN,
which contributes to compressive stresses in the (Al,Ti)N coating. The
growth of hAlN also delayed the onset of the decomposition from 830 ◦C
to 920 ◦C. Therefore, post-annealing is expected to enhance the per-
formance and service time of (Al,Ti)N coating, by the formation of
limited amounts of hAlN on the (Al,Ti)N grain boundaries, which pro-
motes a more desirable compressive stress state in the coating for the
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same service temperature.
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