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Abstract

An extensive understanding about the microstructural evolution and thermal stability of the metastable AlCr(Si)N coating system
is of considerable importance for applications facing high temperatures, but it is also a challenging task since several superimposed
processes simultaneously occur at elevated temperatures. In this work, three AlCr(Si)N coatings with 0 at.%, 2.5 at.% and 5 at.%
Si were investigated by in-situ high-temperature high-energy grazing incidence transmission X-ray diffraction (HT-HE-GIT-XRD)
and complementary differential scanning calorimetry and thermogravimetric analysis measurements combined with conventional
ex-situ X-ray diffraction. The results revealed (i) a change in the microstructure from columnar to a fine-grained nano-composite,
(ii) a reduced decomposition rate of CrN to Cr2N, also shifted to higher onset temperatures from ∼ 1000 ◦C to above 1100 ◦C
and (iii) an increase of lattice defects and micro strains resulting in a significant increase of compressive residual strain with
increasing Si content. While the Si-containing coatings in the as-deposited state show a lower hardness of 28 GPa compared to
AlCrN with 32 GPa, vacuum annealing at 1100 ◦C led to an increase in hardness to 29 GPa for the coatings containing Si and a
decrease in hardness to 26 GPa for AlCrN. Furthermore, the in-situ HT-HE-GIT-XRD method allowed for simultaneously accessing
temperature-dependent variations of the coating microstructure (defect density, grain size), residual strain state and phase stability
up to 1100 ◦C. Finally, the results established a deeper understanding about the relationships between the elemental composition
of the materials, the resulting microstructure including crystallographic phases and residual strain state, and the coating properties
from room temperature up to 1100 ◦C.
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1. Introduction cally metastable solid solution, hexagonal (h-)Al(Cr)N forms
at elevated temperatures and the CrN-enriched matrix decom-
poses in a two-step reaction into Cr2N and finally Cr [14]. Es-
pecially the decomposition into Cr2N is highly undesirable, as
the associated release of N2 yields a porous structure and dete-
riorates mechanical properties.
One approach to further improve the performance of hard coat-
ings is to enhance the material’s properties by alloying. A
promising candidate as alloying element in AlCrN coatings is
Si, as shown by several successful attempts enhancing the me-
chanical properties, the behaviour at high-temperatures and the
tribological performance of AlCrN by adding Si [15–17]. Since
the solubility limit of Si in AlCrN is low [18], Si tends to segre-
gate along grain boundaries where it forms an additional amor-
phous (a-)SixNy phase [19–21]. A typical MeN/a-SixNy (Me
= Al/Cr) nano-composite structure is formed [22, 23], com-
posed of crystallites embedded in an amorphous tissue, which
results in a material with completely new properties. Benefits
may arise from the nano-composite hardening effect, where dis-
location movement is hindered at grain boundaries and at the
interface with the a-SixNy tissue [24], or by suppressed inter-

Transition metal nitrides find w idespread u se a s h ard pro-
tective coatings in applications with surfaces exposed to wear. 
The rising demand on wear-protective hard coatings for se-
vere applications has stimulated the development of advanced 
coatings with sophisticated microstructural and compositional 
design [1–5]. Besides substantial requirements on mechani-
cal properties, also thermal stability and oxidation resistance 
of such materials play a key role in modern high-temperature 
applications like dry cutting or high speed cutting. The tem-
peratures of cutting tools operating under harsh conditions may 
exceed 1000 ◦C [6], especially near to the cutting edge. 
Nowadays, ternary metal nitride coatings such as AlCrN are 
frequently used in industry [7, 8] due to their high hardness, 
wear and oxidation resistance [9–11]. The AlCrN system can 
be synthesized with face-centered cubic structure up to an Al 
content of 75 at.% on the metal sublattice [12]. By exceeding 
this critical solubility limit, an additional phase with hexagonal 
crystallographic structure forms, becoming dominant at higher 
Al contents [13]. Since cubic (c-)AlCrN is a thermodynami-
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granular diffusion and thus restricted propagation of oxidation
[20].
While AlCr(Si)N coating systems in various compositions have
been investigated in terms of microstructure [15, 18], mechani-
cal [17] and tribological [25] properties or cutting performance
[23, 26], a detailed study of the thermal stability is still miss-
ing. In this work, the influence of Si content on the thermal
stability of three AlCr(Si)N coatings with a fixed Al/Cr atomic
ratio of 70/30 and 0 at.%, 2.5 at.% and 5 at.% Si, respectively,
is studied. The recently developed approach [27, 28] using in-
situ high-temperature high-energy grazing-incidence transmis-
sion X-ray diffraction (HT-HE-GIT-XRD) at the German Syn-
chrotron (DESY) at PETRA III was used to analyse the coat-
ings. This method relies on a cross-sectional approach inves-
tigating the coating-substrate system in transmission geome-
try, providing simultaneously access to temperature-dependent
variations of the coating microstructure (defect density, grain
size), residual strain state, thermal expansion coefficients of
coating and substrate material and phase stability. Complemen-
tary differential scanning calorimetry (DSC) and thermogravi-
metric analysis (TGA) measurements combined with conven-
tional ex-situ X-ray diffraction were performed on powdered
coatings to determine structural changes occurring at elevated
temperatures up to 1450 ◦C.
The results reveal a fundamental change in microstructure and
thus material’s properties when Si is added to the AlCrN sys-
tem. A considerably grain refinement is observed for the coat-
ings containing Si, originating from the formation of a nano-
composite structure. Additionally, Si reduces the solubility
limit of AlN in CrN, resulting in a purely cubic-phased AlCrN
coating and a dual-phase (hexagonal and cubic) microstructure
of the AlCrSiN coatings. The in-situ HT-HE-GIT-XRD mea-
surements reveal a shift of the decomposition (CrN into Cr2N
and N2) to higher temperatures from 1050 ◦C to slightly be-
low 1100 ◦C for AlCrN and AlCrSi2.5N, respectively, and a to-
tally suppressed Cr2N formation for AlCrSi5N up to the maxi-
mum applied temperature of 1100 ◦C. Furthermore, the devel-
opment of defect density, grain size and residual strains as a
function of temperature is evaluated. Complementary DSC and
TG measurements confirm this positive influence of Si, demon-
strated by a retarded onset of Cr2N formation from 950 ◦C in
the case of Si-free AlCrN to 1080 ◦C with increasing Si content.
Above 1200 ◦C, the N2 aggravates, which results in the forma-
tion of pure Cr and Cr3Si in the case of the Si containing coat-
ings. The in-situ HT-HE-GIT-XRD approach and complemen-
tary DSC/TG analysis of the investigated AlCr(Si)N coating-
systems reveal the influence of Si on microstructure, phase
composition and thermal stability and allow for a comprehen-
sive understanding of the underlying structure-stress-property
relations.

2. Experimental methods

2.1. Film deposition

For this study three AlCr(Si)N coatings with varying Si-
content and a fixed Al/Cr atomic ratio of 70/30 were deposited

by cathodic arc evaporation using an industrial-sized coating
system (alpha400P, voestalpine eifeler Vacotec) equipped with
sets of six Al70Cr30, Al66.5Cr28.5Si5 and Al63Cr27Si10 cathodes,
respectively. The coatings were grown on mirror-polished ce-
mented carbide substrates (WC, 6 wt.% Co) and on mild steel
foil. Prior to deposition, the substrates were plasma-etched to
remove all contaminants and to activate the surface for better
adhesion. The substrate temperature of 480 ◦C, the arc current
on each cathode of 100 A and the N2 pressure of 4 Pa were
kept constant during deposition. A substrate bias voltage of
−100 V was applied and onefold planetary substrate rotation
with 2 min−1 was used.

2.2. Film characterisation
Fracture cross-sections of the coatings were investigated

in terms of coating thickness and morphology using a Zeiss
Leo1525 scanning electron microscope (SEM). The elemental
composition of the coatings was measured by Elastic Recoil
Detection Analysis (ERDA) in an area of approximately
1.5 mm × 1.5 mm per sample using a 43 MeV 35Cl7+ ion beam.
The angle between the sample normal and the incoming beam
was 75◦, the scattering angle was 31◦ and the recoiling ions
were detected using a Bragg Ionization Chamber.
DSC and TG measurements of the coatings were performed
using a Setaram Setsys Evo 2400 system. To obtain a sufficient
DSC signal from the coatings without an influence of the
substrate material, the steel foil was removed chemically in
10 % nitric acid. After filtering and washing with ethanol, the
remaining coating material was ground in an agate mortar to
obtain a fine powder. At first, 20 mg of each powdered sample
was heated in Ar atmosphere up to 1450 ◦C using a heating rate
of 20 K min−1 and cooled down at a cooling rate of 50 K min−1

after an isothermal holding time of 30 min. Each run was
performed two times under the same conditions and the second
run served as a baseline. Additionally, further powder samples
(20 mg each) were annealed up to 520 ◦C, 850 ◦C, 950 ◦C,
1000 ◦C, 1080 ◦C, 1200 ◦C, 1280 ◦C and 1360 ◦C, respectively.
All annealed powders were investigated using a Bruker D8
Advance diffractometer equipped with an energy-dispersive
Sol-X detector and applying Cu-Kα radiation (8.04 keV). The
comparison of XRD data of the samples annealed at various
temperatures with the DSC and TG measurements allowed for
a better understanding of the different partially overlapping
reactions during annealing.
A detailed in-situ analysis of microstructure and strain state
as a function of temperature was performed at the German
Electron Synchrotron (DESY) at PETRA III, beamline P07B.
An X-ray energy of 87.1 keV and a pencil-like shaped beam
with a size of 400 µm × 100 µm allowed for measuring the
entire coating-substrate system in transmission geometry, using
rectangular blocked cemented carbide samples with a size of
10 mm × 5 mm × 5 mm and a coating thickness > 11 µm. The
annealing was performed in vacuum with a total pressure of
2 Pa to avoid oxidation during heating, using a dilatometer
Bähr DIL 805. The samples were heated up to 1100 ◦C at a
heating rate of 1 K s−1 and cooled down to room temperature
(RT) by an Ar flow with a cooling rate of 1 K s−1 after a holding
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segment of 300 s at maximum temperature. The actual temper-
ature during the experiment was recorded using a thermocouple
brazed to the sample surface. A two-dimensional Perkin-Elmer
detector with a pixel size of 200 µm2, positioned at a distance
of 1950 mm behind the samples, collected Debye-Scherrer
diffraction frames at each temperature step. The detector was
calibrated using LaB6-powder and the software package Fit2D
[29]. The evaluation of the measurements of the coatings was
performed using a pyFAI software package [30]. For more
information about the method and a detailed description of the
data evaluation see [28].
Hardness and elastic modulus of the coatings were deter-
mined by nanoindentation using an ultra-micro indentation
system (UMIS, Fischer-Cripps Laboratories) equipped with
a Berkovich diamond tip. To get a sufficient surface quality
for the indentation experiments, the samples were locally
mechanically polished. The load-displacement curves were
recorded under thermal equilibrium to avoid the effect of
thermal drift. The indentations were performed in the load
controlled mode in the range from 10 mN to 30 mN and the
average values were evaluated according to the Oliver and
Pharr method [31]
The coated samples used for nanoindentation measurements
and as fracture cross-sections of the annealed state were an-
nealed at 1100 ◦C for 30 min in an HTM Reetz vacuum furnace.

3. Results

3.1. Elemental composition

The elemental composition of the coatings obtained by
ERDA is presented in Table 1. The measurements reveal nearly
stoichiometric nitrides and a slight loss of Al during deposi-
tion compared to the initial cathode composition (Al/Cr = 2.3)
due to preferred gas scattering of the lighter Al atoms in the
plasma discharge during deposition [15]. The Si content of the
coatings corresponds to the composition of the particular cath-
odes. The oxygen contamination of all coatings is ≤ 0.4 at.%.
For simplicity, the coatings are denoted as AlCrN, AlCrSi2.5N
and AlCrSi5N throughout the paper, corresponding to the used
Al70Cr30, Al66.5Cr28.5Si5 and Al63Cr27Si10 cathodes, respec-
tively.

Table 1: Elemental composition of the coatings obtained by ERDA.

Cathode composition
Coating composition [at. %]

Al Cr Si N Al/Cr

Al70Cr30 32.6 16.0 0 51.0 2.0

Al66.5Cr28.5Si5 32.6 14.0 2.6 50.6 2.3

Al63Cr27Si10 30.8 13.7 4.7 50.5 2.2

3.2. Coating morphology and microstructure

SEM micrographs of fracture cross-sections of the coatings
in the as-deposited state of the samples and after vacuum an-
nealing at 1100 ◦C for 30 min are shown in Figure 1. The

coating thickness is 11 µm, 11.8 µm and 12.8 µm for AlCrN,
AlCrSi2.5N and AlCrSi5N, respectively, revealing an increas-
ing deposition rate with increasing Si content in the cathodes.
While the AlCrN coating without Si (Figure 1a) exhibits coarse
columnar grains, the morphology transforms towards a more
glassy and featureless structure with increasing Si content (Fig-
ure 1b,c), which is an indication for the formation of a fine-
grained nano-composite structure [17, 22]. After vacuum an-
nealing at 1100 ◦C for 30 min, the coating microstructure of
AlCrN in Figure 1d appears to be slightly coarser grained, while
it remains glassy and featureless for the Si-containing coatings
in Figure 1e and f.

Figure 1: SEM micrographs of fracture cross-sections of (a and d) AlCrN, (b
and e) AlCrSi2.5N and (c and f) AlCrSi5N on cemented carbide substrates in
the (a-c) as-deposited state and (d-f) after annealing at 1100 ◦C.

3.3. Thermal stability

3.3.1. DSC and TG measurements of powdered samples
Figure 2 shows the heat flow and the corresponding mass

change of the AlCr(Si)N coatings as a function of annealing
temperature. The variations in the heat-flow curves indicate
that various reactions occur during annealing, corresponding to
diffusion-driven structural changes, reflected also by changes of
the sample mass. The superimposed signal in relatively small
temperature ranges suggests a variety of structural changes,
which occur almost simultaneously. In order to better under-
stand the changes, XRD analysis of powders was performed
after various annealing steps at temperatures indicated by ver-
tical lines in Figure 2. The obtained X-ray diffractograms are
presented in Figure 3.
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Figure 2: (a) DSC and (b) TG curves of AlCrN, AlCrSi2.5N and AlCrSi5N
in Ar atmosphere. Annealing temperatures for ex-situ XRD measurements of
powders are inserted.

The formation of a nano-composite microstructure, com-
posed of AlCrN crystallites embedded in an a-SixNy matrix,
also results in a substantial grain refinement. This is reflected
by broad peaks with low intensity in the X-ray diffractograms of
the Si-containing coatings at RT in Figure 3. Furthermore, the
addition of Si to AlCrN shifts the transition between cubic and
hexagonal crystal structure to lower Al-contents (Al/Cr ratio is
kept constant for all coatings) and thus an additional hexagonal
phase forms for AlCrSi2.5N and AlCrSi5N already during de-
position.
During annealing, the first exothermic reaction visible in Fig-
ure 2 starts 40 ◦C above deposition temperature (480 ◦C) at
520 ◦C for all coatings and is related to recovery processes of
deposition induced lattice defects [32]. This is also reflected
by decreasing FWHM with increasing annealing temperatures
in Figure 3). Since the cubic AlCrN solid solution is a thermo-
dynamically metastable phase, it decomposes into an Al-rich
h-Al(Cr)N and a Cr-rich c-Cr(Al)N phase at elevated temper-
atures [14]. Nucleation and growth of the h-AlN precipitates
starts at grain boundaries [14] and are associated with heat for-
mation reflected by an exothermic contribution to the DSC sig-
nal (Figure 2) with a peak maximum at 850 ◦C. At this temper-
ature, first small fractions of h-AlN precipitates are detected for
the AlCrN coating without Si (Figure 3a), and the correspond-
ing peak intensity continuously increases with rising annealing
temperature. The same trend is observed for the Si-containing
coatings, where, however, the formation of the h-AlN precipi-
tates occurs already at lower annealing temperatures.
At temperatures of about 900 ◦C, the decomposition of Cr-rich
Cr(Al)N regions into Cr2N and pure nitrogen releasing the coat-
ings results in a decreasing sample mass (Figure 2b) and is ac-
companied by an endothermic contribution to the DSC signal
(Figure 2a). The peak maximum of this endothermic reaction
is at 1000 ◦C for the AlCrN coating without Si and shifted to
slightly higher temperatures with increasing Si content (Fig-
ure 2a). An overall mass loss of 6 %, 3 % and 2 % at 1200 ◦C for

AlCrN, AlCrSi2.5N and AlCrSi5N, respectively, indicates that
the amount of formed Cr2N decreases with increasing Si con-
tent. The retarded decomposition of the Si-containing coatings
is also reflected in the X-ray diffractograms in Figure 3. While
the first Cr2N diffraction peaks at 2θ angles of 42.6◦ and 43.4◦

can be seen for the powders annealed at 950 ◦C for AlCrN and
AlCrSi2.5N, they appear at 1000 ◦C for AlCrSi5N. Additionally,
the intensity of the Cr2N signal is much lower for AlCrSi5N
compared to the AlCrSiN coatings with 2.5 at.% and without
Si.
A changing slope of the mass signal of the AlCrN coating with-
out Si at about 1140 ◦C (Figure 2b) marks the onset of the de-
composition of Cr2N into Cr and N2, which is accompanied
by an exothermic contribution to the DSC signal (Figure 2a).
While decomposition of Cr2N is observed at 1250 ◦C in the case
of AlCrSi2.5N, it decomposes already at 1200 ◦C for AlCrSi5N.
Simultaneously with the kink in the mass signals, a consider-
ably strong (compared to AlCrN) endothermic peak appears in
the DSC scans. The substantial mass loss and the large en-
dothermic reaction of the Si containing coatings originates from
the decomposition of SixNy, which significantly contributes to
the heat-flow. Although pure Si3N4 is thermally stable up to
1900 ◦C, it reacts in the presence of Cr forming Cr3Si at tem-
peratures considerably below 1300 ◦C [33].
The decomposition of Cr2N is also indicated by XRD, where
a Cr peak (2θ ∼ 44.1◦) emanates at the expense of the Cr2N
peaks (Figure 3). The first evidence for Cr can be seen at
1200 ◦C for the AlCrN coating and at 1280 ◦C for AlCrSi5N
and AlCrSi2.5N, in each case at temperatures slightly above
the kink in the mass signal of the TG measurements. Simul-
taneously with the rising Cr and diminishing Cr2N reflections
an additional peak at 39.5◦ develops with increasing annealing
temperature, which stems from the Cr3Si phase formed in both
Si containing coatings. Since there is more Si disposed in the
AlCrSi5N coating, the amount of formed Cr3Si phase is higher
than that for AlCrSi2.5N, resulting in a higher intensity of the
Cr3Si peak.
The constant sample mass and a constant heat flow at tem-
peratures above 1400 ◦C indicate fully completed structural
changes. The X-ray diffractograms of the coating powders mea-
sured after the DSC experiments (orange lines in Figure 3 at
1450 ◦C) reveal exclusively h-Al(Cr)N and Cr, plus the Cr3Si
phase in the case of the Si-containing coatings. High peak in-
tensities and small FWHM indicate a microstructure with less
lattice defects and significant coarser grain structure after an-
nealing [14].

3.3.2. In-situ high-temperature high-energy grazing-incidence
transmission X-ray diffraction

DSC and TG measurements typically provide information
about exothermic and endothermic reactions and decomposi-
tion processes of materials at dedicated temperatures during an-
nealing. The methods are commonly limited to the use of pow-
dered samples to get a sufficient signal from the coating when
analysing coated samples. Furthermore, complementary inves-
tigations such as ex-situ XRD are often necessary to obtain a
deeper understanding of the ongoing processes and structural
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Figure 3: X-ray diffractograms of (a) AlCrN, (b) AlCrSi2.5N and (c) AlCrSi5N coatings in the as-deposited state and after annealing at various temperatures in Ar
atmosphere. A zoom-in from 42◦ to 45.5◦ is shown in Supplementary Figure A.1 to show more details.

changes during annealing. On the contrary, in-situ HT-HE-
GIT-XRD using a 400 µm × 100 µm X-ray beam in transmis-
sion geometry facilitates a structural analysis of coated sam-
ples with the possibility to separate the signals from coating
and substrate. The main advantage of this method arises from
the capability to analyse the whole coating-substrate system in
contrast to the investigation of powdered samples. For the latter
case, the coatings are strongly affected by the sample prepara-
tion, as residual stress relaxes during powdering and grinding.
The impact of stress release due to sample preparation will be
discussed in more details in section 4. Furthermore, in-situ HT-
HE-GIT-XRD allows for determination of numerous indepen-
dent material characteristics of coating and substrate and their
variation as a function of annealing temperature such as phase
composition, FWHM, texture, intrinsic and thermal residual
stress components and thermal expansion coefficients.
The phase evolution of the coatings during annealing is shown
in Figure 4. Besides reflections emanating from the coating,
corresponding to h-Al(Cr)N, c-Cr(Al)N and h-Cr2N, also WC
and Co reflections stemming from the substrate are visible. A
slight peak shift to lower angles with increasing temperature
and back to higher angles with decreasing temperature corre-
sponds to the changing lattice parameter attributed to the ther-
mal expansion. Especially the position of the Co peak strongly
varies with the annealing temperature due to the metallic nature
of Co and its greater thermal expansion coefficient with respect
to the other phases.

The diffraction patterns in the as-deposited state of all coat-
ings on the cemented carbide substrates (inserted in Figure 4)
match with those of the powdered samples in Figure 3. They

only differ concerning the WC and Co substrate peaks at 3.25◦

and 3.95◦, respectively, present only in the measured spectra
of coated samples in Figure 4. While the AlCrN coating con-
sists of exclusively cubic phase in the as-deposited state, the Si-
containing coatings exhibit a dual-phase crystallographic struc-
ture comprising of c-Cr(Al)N and h-Al(Cr)N. Furthermore, a
much finer grain size of the Si containing coatings is reflected
by very broad peaks (also resulting in a brighter appearance of
the phase plots in Figure 4b and c, while maintaining the same
colour-scaling compared to Figure 4a). The texture develop-
ment of the coatings with the annealing temperature is shown
in Figure A.2. While the single-phase cubic crystal structure
of AlCrN exhibits a (111) fibre texture, the cubic crystallites of
the dual-phase Si-containing coatings are predominantly (110)-
oriented, and the hexagonal crystallites exhibit a (110) fibre
texture too. The crystallites of the h-Al(Cr)N formed during
annealing of AlCrN exhibit a less pronounced texture.
The Si-free c-AlCrN coating starts to decompose into h-
Al(Cr)N and c-Cr(Al)N at about 750 ◦C. The further decom-
position of the Cr-enriched c-Cr(Al)N into Cr2N is evidenced
by additional reflexes at 3.6◦ and 3.8◦. While the first Cr2N
peaks arise at 1050 ◦C for AlCrN, Cr2N formation is retarded
to 1100 ◦C for AlCrSi2.5N. Finally, the formation of Cr2N is
completely suppressed within the measured temperature range
with a maximum of 1100 ◦C for the AlCrSi5N coating. Interest-
ingly, despite the multiple phase decomposition, the orientation
of the cubic and hexagonal crystallites has not changed during
annealing (Figure A.2).

Since the FWHM of X-ray diffraction peaks is generally
sensitive to the presence of lattice defects, size of coherently
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Figure 4: Diffraction intensities I(θ,T) along the annealing temperature showing the development of the crystallographic structure of the (a) AlCrN, (b) AlCrSi2.5N
and (c) AlCrSi5N coating, together with (d) the applied temperature including heating from RT to 1100 ◦C with 10 K min−1, isothermal holding at 1100 ◦C for 5 min
and cooling back to RT with 10 K min−1. Diffractograms of each coating at RT and at 1100 ◦C are inserted for ancillary visualization.

Figure 5: Development of the FWHM as a function of annealing temperature.
The values were assessed from the representative CrN(111) peak having the
highest intensity without an overlap with any reflection from the substrate.

diffracting domains and micro-strains of second and third
order, the FWHM values plotted in Figure 5 thus reflect the
temperature-dependent variations of structural defect densities

and grain sizes of the corresponding coatings. The FWHM
were evaluated by fitting the CrN (111) diffraction peaks using
the Pseudo-Voigt function. The higher scattering in the FWHM
of the Si-containing coatings (Figure 5) originated from the
fitting of the generally broader diffraction peaks with respect
to AlCrN and a partial overlap with the Co-peaks stemming
from the substrate (Figure 4). Due to the typical columnar
growth of crystallites in physical vapour deposition (PVD)
coatings in the normal direction with respect to the substrate
surface, the evaluation of the Debye-Scherrer rings is restricted
to a corresponding range of δ = ±10◦ around the out-of-plane
diffraction vector (for better understanding see Figure 1 in [1]).
Thus, only crystal planes oriented approximately parallel to
the surface contribute to the evaluated signal, which allows
concluding particularly about the elongation of the grains in
growth direction.
The analysis of the FWHM of the dominant reflections of the
coatings in Figure 5 reveals its increase with an increasing Si.
The encapsulation of the grains by the SixNy tissue limited
the grain growth resulting in a fine-grained nano-composite
structure, compared to the larger grains developing during
the columnar grain growth of AlCrN without Si (also seen
in Figure 1). Almost no variation of the FWHM up to tem-
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peratures slightly above the deposition temperature at 520 ◦C
further reflects stability of the microstructure of all coatings
in terms of process-induced lattice defects and grain size in
this temperature range. Above this temperature, recovery
processes and possible grain growth are observed as indicated
by continuously decreasing FWHM. Defect annihilation, grain
growth and reduction of micro-strains during annealing occur
intensified with increasing Si content in the coatings, reflected
by a higher difference of the FWHM between the as-deposited
state and after annealing with respect to the Si free coating
(Figure 5). The FWHM is reduced by 50 %, 57 % and 67 % for
AlCrN, AlCrSi2.5N and AlCrSi5N, respectively. This may most
probably be due to a higher driving force for structural changes
because of the smaller grain size and a higher defect density of
the initial state of the nano-composite structure.
For the AlCrN coating, the FWHM does not change during
the isothermal holding segment at the maximum temperature
of 1100 ◦C. This documents no further ongoing defect an-
nihilation or grain growth occurring at that temperature. On
the contrary, both Si-containing coatings exhibit decreasing
FWHM during the isothermal holding segment, which indi-
cates a sufficiently high driving force for ongoing recovery
processes and possible grain growth of the crystallites of
the nano-composite structure. Lower thermal stability of the
microstructure in terms of defect annihilation is observed
for AlCrSi5N compared to AlCrSi2.5N. The FWHM of all
coatings remains constant between 1100 ◦C and RT, indicating
no further structural changes during cooling (Figure 5).

Figure 6: Development of the in-plane residual strains along annealing temper-
ature. The strains were evaluated from the h-AlN (100) peak of the particular
coatings. Since there is no hexagonal phase for the AlCrN coating without Si
up to 750 ◦C, strains evaluated from the c-CrN (111) peak are presented addi-
tionally. Note, that the Si-containing coatings obtain more scattering, which
can again be referred to the broader diffraction peaks (Figure 4).

The evolution of in-plane elastic residual strain as a function
of temperature is shown in Figure 6. The strain for all coat-
ings is obtained by evaluating the ellipticity of the correspond-
ing h-AlN (100) Debye-Scherrer rings, which were chosen as

they are less overlapping with a diffraction signal stemming ei-
ther from the cubic AlCrN phase or the substrate. Since AlCrN
is composed exclusively of the cubic phase up to 750 ◦C, the
c-CrN (111) ring is additionally evaluated to get information
about strain variation for the whole temperature range. (A de-
tailed description of the methodology used for the strain evalu-
ation including the equations used for the calculations is given
in [28].)
The evaluation of strains via the ellipticity of the Debye-
Scherrer rings provides information about the overall residual
strain state comprising of two dominant components: intrinsic
and thermal strain. Extrinsic strains stemming from structural
misfits between substrate and coating, precipitations and plastic
or creep deformation are neglected here, since they play only a
minor role compared to the other two components [34].
All coatings exhibit compressive residual strain in the as-
deposited state, reflecting formation of a high number of de-
position induced lattice defects. The compressive strain in-
creases with increasing Si content from −0.7 × 10−3 for AlCrN
to −1.5 × 10−3 for AlCrSi2.5N and −2.0 × 10−3 for AlCrSi5N.
With the supplemental information about the TECs of sub-
strate and coating materials, a statement whether the state of
the thermal strain component is tensile or compressive is deter-
mined. The TECs, determined from the unstrained lattice pa-
rameters of the particular phase (for more detail see [28]), are
5.5 × 10−6 K−1 for the tungsten carbide, and 11.1 × 10−6 K−1

and 6.3 × 10−6 K−1 for the cubic and the hexagonal phase of
the coatings, respectively. Because of the smaller TEC of the
substrate compared to the coatings, a tensile thermal strain con-
tribution develops for all coatings when the samples are cooled
down after deposition to room temperature.
A reduction of the tensile thermal strain contribution leads to
an increase of the overall compressive residual strain in the
temperature range between RT and 520 ◦C, as shown in Fig-
ure 6. At 520 ◦C, which is slightly higher than the deposition
temperature, lattice defects start to anneal out as indicated by
the variation of the FWHM in Figure 5. This results in a reduc-
tion of the intrinsic (compressive) strain component leading to
a continuous decrease of the overall compressive residual strain
[14]. At the maximum temperature of 1100 ◦C, compressive
strain is reduced to −0.3 × 10−3 and −0.8 × 10−3 for AlCrSi2.5N
and AlCrSi5N, respectively, and completely relaxes for Si-free
AlCrN.
The strain relaxation of AlCrSi2.5N and AlCrSi5N continues
during the isothermal holding segment at 1100 ◦C, while the
strain state of AlCrN remains unchanged (Figure 6). This can
be correlated with the ongoing recovery processes of the Si-
containing coatings described above and indicated in Figure 5.
As a consequence of the decreased intrinsic (compressive)
strain component associated with defect annihilation, the resid-
ual strain state after the annealing is determined as −0.2 × 10−3

and −0.5 × 10−3 for AlCrSi2.5N and AlCrSi5N, respectively,
and becomes even tensile for AlCrN with +0.3 × 10−3.

3.4. Hardness and elastic modulus
The hardness and elastic modulus values of the coatings as

a function of Si content in the as-deposited state and after vac-
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uum annealing at 1100 ◦C for 30 min are presented in Figure 7.
In the as-deposited state, the AlCrN coating exhibits the highest
hardness of 32 GPa. The addition of Si into AlCrN is accom-
panied by a reduction of hardness to about 28 GPa. The elastic
modulus follows a similar trend and decreases from 423 GPa for
AlCrN to 345 GPa and 333 GPa for AlCrSi2.5N and AlCrSi5N,
respectively. These findings will be discussed in more details in
section 4.
The mechanical properties change significantly after vacuum
annealing reflecting the structural changes of the coatings.
While annealing results in a drop in hardness down to 26 GPa
for AlCrN, a slight increase above 29 GPa occurs for both Si
containing coatings. The elastic modulus of AlCrN also de-
creases after annealing to 423 GPa, whereas AlCrSi2.5N and
AlCrSi5N obtain an increase up to ∼ 360 GPa.

Figure 7: Development of (a) hardness and (b) elastic modulus of the AlCr(Si)N
coatings as a function of Si content in the as-deposited state and after vacuum
annealing at 1100 ◦C for 30 min.

4. Discussion

The thermal stability of a material is generally related to
changes of its properties at elevated temperatures. In the case
of protective hard coatings, the property variations are related
to changes in microstructure given by recovery processes, phase
transformations, etc. Coatings synthesised by PVD techniques
generally grow under conditions far from the thermodynamic
equilibrium. The apparent kinetic limitations as a result of rapid
cooling at the atomic scale during deposition allow for forma-
tion of phases in metastable states and coatings with unique
properties, which are otherwise not accessible in their bulk ma-
terial counterparts. The metastable nature of such materials,
however, often limits their application at elevated temperatures,
as microstructural changes typically deteriorate their mechan-
ical properties. Since the properties of ceramic hard coatings
are mainly governed by their microstructure, a comprehensive
understanding of their phase composition, defect density and
residual stress state as a function of temperature is required.
To analyse the thermal stability of the AlCr(Si)N coatings and
its underlying mechanisms (defect recovery, recrystallisation,
phase transformations, decomposition, strain relaxation, etc.),
a newly developed in-situ HT-HE-GIT-XRD method combined
with conventional DSC, TGA and XRD was used for investi-
gation of three AlCr(Si)N coatings with 0 at.%, 2.5 at.% and
5 at.% Si and a fixed Al/Cr atomic ratio of 70/30. While

DSC/TG measurements together with the X-ray diffractograms
of coating powders annealed at specific temperatures give de-
tailed information about chemical reactions, phase transitions
and decomposition up to a temperature of 1450 ◦C, the in-situ
HT-HE-GIT-XRD method allows to study the whole coating-
substrate system (instead of a powdered coating) and to simulta-
neously access the phase composition, defect density and grain
size and residual strain state as a function of temperature up to
1100 ◦C. By combination of the advanced in-situ HT-HE-GIT-
XRD method with conventional DSC/TG, the influence of the
residual stress state on the thermal stabilty of the coatings be-
came accessible, as discussed later in this section.
An effect of Si on the coating microstructure and its proper-
ties has been demonstrated for the TiN [35], AlTiN [36], CrN
[37] and AlCrN [17] coating systems. Already at small Si con-
tents, a complete change of the coating’s microstructure from a
columnar grain morphology to a nano-composite structure has
been observed. In AlCrSiN, the Si-N bonds are preferred com-
pared to Cr-Si or Al-Si bonds, resulting in a low solubility of
Si in AlCrN crystallites and a lower free energy of separated
phases in comparison to AlCrSiN compounds [15, 18]. Due
to the near-complete immiscibility of MeNx metal nitride and
the SixNy phase, the nano-composite structure forms as a re-
sult of spinodal decomposition, comprising of MeN crystallites
in an a-SixNy matrix [38–40]. To assure the formation of the
nano-composite structure during deposition, a sufficiently high
activity of nitrogen and a sufficiently high temperature to al-
low diffusion during film growth is necessary. The nitrogen
pressure of 4 Pa and the deposition temperature of 480 ◦C meet
these conditions stated in [35]. Hence, the formation of a nano-
composite microstructure is observed for the AlCrSiN coatings
studied in this work, accompanied by a strong decrease in crys-
tallite size, as indicated by large FWHM in Figure 3, Figure 4
and Figure 5, and also corroborated by the glassy and feature-
less appearance of the fracture cross-sections in Figure 1.
Although theoretical predictions report a critical AlN content of
∼ 75 at.% [41] for the formation of the cubic crystal structure,
AlCrN coatings composed exclusively of cubic phase were ex-
perimentally synthesized by PVD techniques only up to a max-
imum AlN fraction of 71 at.% [12]. Since the amount of AlN of
the coatings analysed in this work is relatively close to this criti-
cal AlN content (in the range of 61 at.% to 65 at.%, see Table 1),
only the coating without supplemental Si is stabilized in the
purely cubic modification (Figure 3 and Figure 4). AlCrSi2.5N
and AlCrSi5N exhibit a dual-phase hexagonal and cubic crys-
tal structure with a similar content of hexagonal phase for both
coatings. Since the Al/Cr ratio is constant for all investigated
coatings, the formation of the hexagonal phase can be related to
the addition of Si with consequential changes in the microstruc-
ture (grain size, defect density) and residual stress state. More-
over, former studies have revealed that, besides elemental com-
position, also compressive stress [42], vacancies [43] and the
Al distribution on the metal sublattice [44] affect the formation
of a hexagonal phase in the AlCrN or AlTiN systems. Recently,
Hans et al. [45] have shown that also surface energy and there-
fore the crystallite size has a major influence on the phase for-
mation of metastable materials. They calculated stability ranges
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for the cubic and hexagonal phases in AlTiN as a function of
crystallite size and found that the hexagonal phase becomes
favoured for small grain sizes. These findings may also explain
the destabilisation of the cubic phase in AlCrN when adding Si,
as the encapsulation of the AlCr(Si)N crystallites by the amor-
phous SixNy tissue results in a considerably grain refinement
(Figure 5) with a subsequent increase of the surface energy. If
this contribution to the total energy becomes dominant, a stabil-
isation of the hexagonal phase may be expected. Furthermore,
Si affects the character of the chemical bondings in the AlCrN
system. Contrary to CrN, where the metallic bonding character
dominates, the Si-N bonds have, similarly to Al-N, a strong co-
valent bonding character. The consequent changes in electronic
structure when adding Si to AlCrN go along with the structural
transformation from cubic to hexagonal [46].
The incorporation of Si atoms into the AlCrSiN matrix also re-
sults in a larger defect density and greater stress of second or-
der with an increasing Si content, indicated by larger FWHM
in Figure 5 and higher compressive residual strain in Figure 6.
Although a larger number of defects leads to a higher driving
force for recovery and thus decreased thermal stability of de-
fects [47], recovery processes for all coatings start at the same
temperature of 520 ◦C, i.e. 40 ◦C above deposition tempera-
ture. The first phase transformation taking place at elevated
temperatures is the decomposition of the metastable c-AlCrN
phase into h-Al(Cr)N and c-Cr(Al)N. It occurs to a similar ex-
tent for all three coatings, with a maximum exothermic con-
tribution to the DSC signal at ∼ 850 ◦C. Since the formation
of the hexagonal phase is accompanied by a volume expansion
of 26 % [44], the metastable cubic phase can be stabilized by
a compressive residual stress state [48]. Once the substrate is
removed and a free-standing coating is received (e.g. powdered
coating), the compressive residual stresses in the coatings relax
and only the intrinsic stresses of second and third order are left.
Therefore, the measured properties of a coating on a substrate
differ from the measured properties of a free-standing coating,
e.g. observed for fracture toughness in [49] or phase stabil-
ity in [50]. The effect of the state of the coating (coated sub-
strate versus powder) and its resulting residual stress state on
the measured material’s properties is reflected by the decom-
position of CrN into Cr2N at elevated temperatures. The onset
for the decomposition of CrN is observed at higher tempera-
tures for coating-substrate systems than for stress free powders,
at 1050 ◦C compared to 950 ◦C, at 1100 ◦C compared to 950 ◦C
and above 1100 ◦C compared to 1000 ◦C for AlCrN, AlCrSi2.5N
and AlCrSi5N, respectively. As synchrotron radiation provides
an X-ray beam with high brilliance and thus superior signal-to-
noise ratio and much better detection limit for small amounts
of phases compared to a conventional XRD, it can be expected
that the difference in the onset temperature of decomposition is
even higher and the impact of the relaxed stresses is underesti-
mated.
Furthermore, the decomposition of CrN into Cr2N in the
AlCrN-based systems, accompanied by a release of nitrogen,
is critical for the behaviour of the coatings at elevated temper-
atures, since the associated formation of pores deteriorate the
mechanical properties. Here, a positive impact of Si becomes

evident since the onset temperature is retarded to higher tem-
peratures and the decomposition is decelerated with increasing
Si content (Figure 2 and Figure 4). The impeded formation of
Cr2N can be attributed to the nano-composite structure of the
AlCrSiN coatings, where the AlCr(Si)N crystals are embedded
by the dense SixNy tissue, which restricts the segregation of
atoms to small distances within the separated nano-grains [24].
Similar to the prohibited diffusion of oxygen in AlTiN coat-
ings alloyed with yttrium [51] or nc-TiN/a-SixNy coatings [52]
during oxidation, the strong and dense interface of the a-SixNy
hinders diffusion of nitrogen along the grain boundaries. There-
fore, nitrogen can not be released from the crystal when CrN
decomposes into Cr2N, which effectively suppresses the further
decomposition of CrN.
As a final step, Cr2N starts to decompose at 1140 ◦C for AlCrN
and, at 1280 ◦C and 1200 ◦C for AlCrSi2.5N and AlCrSi5N, re-
spectively. The decomposition of Cr2N is accompanied by the
decomposition of SixNy in the case of the Si containing coat-
ings. Although the amount of Si in both Si containing coat-
ings is relatively low, the endothermic peaks above 1200 ◦C are
considerably high compared to AlCrN and all other reactions
occurring during annealing (Figure 2). This is due to the super-
imposed contribution to the DSC signal of the decomposition
reactions of Cr2N and SixNy. Additionally, the large enthalpy
of formation of ∆H0

S ixNy
= −760 kJ mol−1 [53] compared to

∆H0
CrN = −123 kJ mol−1 [54] and ∆H0

Cr2N = −234 kJ mol−1

[55] results in a considerably high endothermic heat flow when
it decomposed.
Besides the thermal stability of the microstructure, the asso-
ciated evolution of mechanical properties as a function of tem-
perature is of major importance for the functionality of coatings
at elevated temperatures. Obtaining a remarkable high hardness
of ceramic hard coatings, representing a key property determin-
ing together with elastic modulus its wear resistance, can be ap-
proached by: (i) selecting materials with intrinsically high hard-
ness (e.g. diamond, hydrogen-free diamond-like carbon, cubic
boron nitride); (ii) the effect of ion bombardment during depo-
sition; and (iii) microstructural design of coatings with hetero-
geneous microstructure such as nano-composites [39]. While
a hardness enhancement by energetic ion bombardment is as-
sociated with a decrease in crystallite size, densification and
the generation of high defect densities accompanied by the de-
velopment of compressive residual stress, enhanced hardness
of nanostructured materials is a result of hindered dislocation
movement among fine-grained constituents with different lat-
tice structures [47]. The high hardness of coatings obtained
by an intense ion bombardment during deposition is typically
not maintained at temperatures significantly above deposition
temperature, since recovery effects lead to a reduction of com-
pressive residual stress. Contrary, the high hardness of nano-
composite materials can be preserved to temperatures above
1000 ◦C [56], as crystallite growth is suppressed by the amor-
phous tissue embedding the nano-crystallites. Within the AlTiN
and AlCrN systems, many attempts have been made to stabilize
the material in its cubic configuration [12, 57, 58] due to the en-
hanced mechanical properties compared to its hexagonal con-
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figuration. Although the cubic modification may be favoured
in terms of mechanical properties for applications at moder-
ate temperatures, considerable constraints may arise from its
metastable nature at elevated temperatures, as hardness drops
with the formation of hexagonal phase fractions.
In the case of the AlCr(Si)N coatings studied in this work, the
hardness at room temperature and after annealing can be at-
tributed to (i) the formed phases, (ii) the amount of residual
stress and (iii) the microstructural design focused on the forma-
tion of a nano-composite. At room temperature, AlCrN exhibits
the highest hardness, since it is the only coating with purely cu-
bic phase. The reduced hardness of the Si-containing coatings
is mainly related to the formation of an additional hexagonal
phase. Neither the nano-composite structure (and thus smaller
grain size), nor the increased compressive residual strain can
compensate the loss of hardness resulting from the formation
of larger fractions of the much softer hexagonal phase. How-
ever, the advantage of Si as an alloying element in the AlCrN
system becomes evident while looking at the hardness develop-
ment of the coatings after vacuum annealing at 1100 ◦C. While
AlCrN without Si suffers from a large drop in hardness of
5 GPa, mainly due to the phase transformation of the metastable
cubic into the thermodynamically more stable hexagonal phase
(Figure 3a and Figure 4) and a simultaneous reduction of the
compressive residual strain towards slight tensile strain (Fig-
ure 6), the hardness of both Si-containing coatings increases
of about 2 GPa after annealing. Similar to AlCrN, lattice de-
fects and compressive residual strain are not stable above de-
position temperature and vanish to a large extent (Figure 5
and Figure 6). Therefore, the stabilized (or even increasing)
hardness can be related to the nano-composite microstructure,
where mainly two processes should be considered as an expla-
nation for the increase after annealing. At first, an incomplete
phase segregation during deposition is completed upon anneal-
ing [39]. Secondly, additional hexagonal AlN precipitates form
during annealing, accompanied by coherency strains hindering
plastic deformation with a subsequent increase in hardness [9].
While the coherency strains in single-phase AlCrN contribute
to age hardening limited to a maximum in hardness at 700 ◦C
[9], the enhanced hardness of AlCrSi2.5N and AlCrSi5N in this
work is still observed at 1100 ◦C. Finally, the suppressed forma-
tion of Cr2N in the Si-containing coatings (accompanied by the
release of nitrogen and the formation of pores) to temperatures
above 1100 ◦C is an important factor to preserve the hardness.
Summarized, while a single-phase cubic crystal structure seems
beneficial in terms of mechanical properties at a first glance,
the nano-composite and dual-phase cubic and hexagonal struc-
ture outperforms its mono-phase counterparts at elevated tem-
peratures and makes the AlCrSiN coatings studied in this work
promising candidates for high-temperature applications.

5. Summary and Conclusions

Three arc evaporated coatings, AlCrN, AlCrSi2.5N and
AlCrSi5N, were investigated and the impact of Si on (i) the
phase formation, (ii) thermal stability and (iii) mechanical
properties as a function of temperature was studied. Using

the novel in-situ HT-HE-GIT-XRD allowed for measuring the
temperature-dependent variations of the coating microstructure
of the coating on a substrate (in contrast to powdered coat-
ings). The unique combination of the in-situ HT-HE-GIT-XRD
method with conventional DSC and TG revealed a significant
impact of sample preparation in stress-free powders, resulting
in a 100 ◦C lower onset temperature of the decomposition of
CrN into Cr2N when measuring powdered samples compared
to the coating-substrate systems. The addition of Si resulted
in the formation of (i) a nano-composite and (ii) dual-phase cu-
bic and hexagonal structure with enhanced thermal stability and
improved mechanical properties at elevated temperatures. This
is evident by the shift of the onset temperature for the decom-
position of CrN into Cr2N of 100 ◦C, related to encapsulated
AlCr(Si)N crystals in an a-SixNy tissue phase, where nitrogen
diffusion is suppressed. Furthermore, the dual-phase crystal
structure reveals its benefits at elevated temperatures, since the
hardness of the Si containing coatings increased by ∼ 2 GPa
to almost 30 GPa after annealing at 1100 ◦C, while the hard-
ness of AlCrN dropped from 32 GPa to 26 GPa. The hardness
increase after annealing is related to a thermally much more
stable nano-composite structure (suppressed grain growth) with
hindered dislocation movement due to the a-SixNy tissue phase,
and to age hardening effects of a dual-phase cubic and hexago-
nal structure at temperatures above 1100 ◦C. The findings em-
phasize the potential of Si as an eminently suitable alloying ele-
ment to enhance the thermal stability of the AlCrN system. The
formation of a nano-composite structure, consisting of dual-
phase cubic and hexagonal crystallites embedded in an a-SixNy
tissue, and the enhanced mechanical properties at elevated tem-
peratures make the AlCrSiN coatings promising candidates for
high-temperature applications.
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Appendix A. Supplemental Material

Figure A.1: Detailed view of the X-ray diffractograms in the range from 42◦ to 45.5◦ of the (a) AlCrN, (b) AlCrSi2.5N and (c) AlCrSi5N coatings in the as-deposited
state and after annealing at various temperatures in Ar atmosphere.

Figure A.2: Intensity of the CrN (111) and the AlN (110) diffractions peaks along the ψ angle as a function of temperature of (a) AlCrN, (b) AlCrSi2.5N and (c)
AlCrSi5N, together with the (d) annealing temperature.
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