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Abstract: We investigate the effect of continuous vs. periodically interrupted plasma exposure during
cathodic arc evaporation on the elastic modulus as well as the residual stress state of metastable cubic
TiAlN coatings. Nanoindentation reveals that the elastic modulus of TiAlN grown at floating potential
with continuous plasma exposure is 7%–11% larger than for coatings grown with periodically
interrupted plasma exposure due to substrate rotation. In combination with X-ray stress analysis,
it is evident that the elastic modulus is governed by the residual stress state. The experimental
dependence of the elastic modulus on the stress state is in excellent agreement with ab initio
predictions. The macroparticle surface coverage exhibits a strong angular dependence as both
density and size of incorporated macroparticles are significantly lower during continuous plasma
exposure. Scanning transmission electron microscopy in combination with energy dispersive X-ray
spectroscopy reveals the formation of underdense boundary regions between the matrix and TiN-rich
macroparticles. The estimated porosity is on the order of 1% and a porosity-induced elastic modulus
reduction of 5%–9% may be expected based on effective medium theory. It appears reasonable to
assume that these underdense boundary regions enable stress relaxation causing the experimentally
determined reduction in elastic modulus as the population of macroparticles is increased.

Keywords: physical vapor deposition; metastable materials; TiAlN; elastic properties; residual stress;
density functional theory

1. Introduction

Metastable cubic transition metal aluminum nitrides such as TiAlN (space group Fm3m, NaCl
prototype) have been well known as hard protective coatings for more than 30 years [1], and are still
used nowadays as state-of-the-art materials for cutting and forming applications. However, there
is no “the” TiAlN, since materials design enables to tailor the desired properties, such as enhanced
thermal stability [2,3]. With respect to a material’s bond strength, the elastic modulus connects as
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design parameter density functional theory-based predictions at the atomic scale with mechanical
testing techniques such as nanoindentation. Recently, it has been demonstrated for Cr0.8Al0.2N that a
compressive stress state of −4 GPa results in an elastic modulus increase of 150 GPa, when compared
to the stress-free material [4]. In addition, compressive residual stresses are utilized to stabilize the
metastable cubic phase of MAlN (M = Ti, V, Cr) [5,6].

Protective coatings are usually fabricated by physical vapor deposition (PVD) techniques, such as
(high power pulsed) magnetron sputtering or cathodic arc evaporation, and the latter technique is
characterized by an almost fully ionized plasma. These techniques are line-of-sight methods, but not
limited to materials synthesis on a stationary substrate. Very often, rotating substrates are assembled in
industrial batch production plants in order to coat as many substrates as possible in a single deposition
process. In such a deposition geometry, the growing coating surface is periodically moved in and
out of regions of high plasma density characterized by large fluxes of film-forming species. Recently,
we have demonstrated for TiAlON that substrate rotation induces chemical composition modulations,
which can be understood by variations in plasma density and fluxes of film-forming species [7]. Going
beyond the substrate rotation-induced chemical composition, it appears reasonable that the deposition
geometry affects the material performance. Therefore, in the present work we establish the relationship
between deposition geometry and mechanical coating properties by means of elasticity, as well as the
residual stress state of TiAlN.

2. Materials and Methods

TiAlN coatings were synthesized by cathodic arc evaporation in an industrial-scale Oerlikon
Balzers Ingenia P3e™ platform (Balzers, Liechtenstein). Sapphire with (0001) orientation, as well as
cemented carbide substrates, were assembled on the substrate holder. Electrically insulating substrates
were chosen for comparison to represent ceramic inserts, which can be based on c-BN, Al2O3 or Si3N4.
These ceramic inserts are used for machining of hardened steel, difficult-to-cut materials or cast iron
and are frequently coated using PVD techniques in order to reduce tribochemical or adhesive wear.

The deposition system was heated to 450 ◦C, and the plasma was ignited when the base pressure
of the heated system was <3 × 10−3 Pa. Reactive synthesis was carried out with nitrogen gas at the
deposition pressure of 3.2 Pa. Three alloyed Ti0.50Al0.50 targets were employed, and the minimum
target-to-substrate distance was 16 cm. The substrate bias potential was either floating or −15 V.
Coatings were synthesized utilizing a two-fold substrate rotation (periodically interrupted plasma
exposure) and a stationary deposition geometry without rotation (continuous plasma exposure).
The measured substrate temperatures were 470 and 520 ◦C, respectively, and the stationary deposition
setup exhibited an almost factor 10 higher deposition rate compared to the rotation setup.

Additionally, a hybrid setup was employed; substrates were positioned in front of the arc sources
and pneumatically controlled shutters were opened and closed periodically according to the effective
deposition time in a rotational setup (where the growing coating surface moves periodically from
regions of low plasma density/small fluxes of film-forming species in regions with high plasma
density/large fluxes of film-forming species). Hence, the hybrid setup is characterized by a face-to-face
geometry as in the stationary deposition setup, while variations in plasma density and fluxes
of film-forming species (interrupted plasma exposure), as in the rotational setup, are realized by
employing shutters.

Furthermore, Fe foil substrates (99.5% purity) were coated with and without substrate rotation
in order to obtain powdered coatings. The Fe foil substrates were etched with a nitric acid in a
HNO3/deionized H2O volume ratio of 1/5 and, subsequently, the coating flakes were milled into a
powder. Coatings in powder form were used to determine the linear coefficient of thermal expansion
as a function of temperature.
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The microstructure of coating cross-sections was characterized in scanning transmission electron
microscopy (STEM) mode utilizing a FEI HELIOS Nanolab 660 dual-beam focused ion beam (FIB)
microscope (Hillsboro, OR, USA) with a STEM III detector at acceleration voltage and current of 30 kV
and 50 pA, respectively. Thin lamellae were extracted in growth direction, synthesized by the rotation,
stationary and hybrid setup, utilizing Ga ions with an acceleration voltage of 30 kV. First, a 1-µm-thick
Pt protection layer was applied with 80 pA current, followed by trench milling, extraction of the
lamella with a manipulation needle and application of the lamella on a Cu Omniprobe. Final lamellae
thicknesses in the order of 100 nm were realized by sequential thinning utilizing currents of 0.79 and
0.43 nA.

Depth-resolved chemical composition analysis was done by using time-of-flight energy elastic
recoil detection analysis (ToF E-ERDA) with 36 MeV 127I8+ primary projectiles at the tandem accelerator
laboratory of Uppsala University. The measurement geometry of a 45◦ angle between primary ions and
detector telescope and a 22.5◦ angle between specimen and detector telescope was used. Time-energy
coincidence spectra were acquired by combination of a ToF setup based on thin carbon foils [8,9]
and utilizing a gas ionization detection system [10]. The obtained spectra were evaluated using the
CONTES software package [11]. Homogeneous depth profiles were obtained for Ti, Al and N, while O
(<2 at.%) and H (<0.5 at.%) impurities were also detected. Systematic uncertainties were on the order
of ±10% (relative deviation), while statistic uncertainties were on the order ±5% (relative deviation).
In addition, spatially resolved chemical composition analysis of TiAlN, grown with substrate rotation,
was performed utilizing a JEOL JSM-2200FS field emission transmission electron microscope (Tokyo,
Japan) at an acceleration voltage of 200 kV. While a high-angle annular dark field (HAADF) detector
was employed for morphological characterization, the chemical composition was measured by energy
dispersive X-ray spectroscopy (STEM-EDX) with a 30 mm2 JEOL Si drift detector.

Deposition geometry-dependent roughness values Ra of the coating surfaces were evaluated
with a Keyence VK-9700 laser optical microscope (Osaka, Japan). The evolution of roughness data
was in good agreement with macroparticle surface coverage values which can be obtained from
scanning electron micrographs [12]. Hence, the surface roughness represents an indirect measure of
the macroparticle surface coverage.

The resistivity of TiAlN coatings was determined by a Van der Pauw setup [13] using a Keithley
2611B System SourceMeter (Solon, OH, USA) with a current of 5 mA. The measured value for a
high power pulsed magnetron sputtered TiN sample was 0.4 µΩ m and in accordance with available
literature data in the range of 0.3 [14] to 1.1 µΩ m [15]. All resistivity measurements were done at
room temperature and ambient atmosphere.

Elastic properties were investigated by nanoindentation and 100 load-displacement curves were
acquired per sample, utilizing a Hysitron TI-900 TriboIndenter (Minneapolis, MN, USA). A Berkovich
diamond tip with 100 nm radius was used with a maximum load of 10 mN and the indentation modulus
was obtained from the unloading part of load-displacement curves according to the method of Oliver
and Pharr [16]. The elastic modulus was calculated from the measured indentation modulus with the
Poisson’s ratio of ν = 0.214 [17]. Reduction in surface roughness (Ra < 50 nm) was realized prior to the
nanoindentation tests by mechanical grinding with SiC disks and polishing with diamond suspension.

The phase formation, preferred orientation, and crystallite size were investigated by X-ray
diffraction (XRD) using a Siemens D5000 system (Munich, Germany). X-ray source and detector
were coupled in θ–2θ scans from 30◦ to 80◦ with a step size of 0.04◦ and a scan time of 4 s per step.
The crystallite size was estimated from the (200) peak employing the Scherrer equation [18].

The residual stress state was characterized by XRD stress analysis within a Bruker D8 Discover
General Area Diffraction Detection System (Billerica, MA, USA) employing the sin2Ψ method and
assuming a biaxial stress state [19]. The Cu X-ray source was operated with 40 kV voltage and 40 mA
current and the d spacing of the (200) peak was investigated in Bragg-Brentano geometry [20] for
tilting angles of Ψ = 0, 18.43◦, 26.57◦, 33.21◦ and 39.23◦ (corresponding to sin2Ψ = 0, 0.1, 0.2, 0.3 and
0.4) with respect to the specimen normal. The residual stress was obtained from the slope of the strain
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ε plotted as a function of sin2Ψ and using elastic modulus values E from nanoindentation experiments
according to:

ε =
d − d0

d0
= σ

1 + ν

E
sin2 Ψ (1)

Interpolation served to determine the stress-free lattice spacing d0 at Ψ0 with:

Ψ0 = sin−1
√

2ν

1 + ν
(2)

For Poisson’s ratio, a constant value of ν = 0.214 was assumed [17]. Stress gradients along the
layer thickness as well as deviations from the assumed biaxial stress state affect the accuracy of the
calculated stress values.

In situ high-energy XRD measurements on the powdered coatings were performed in transmission
geometry at Deutsches Elektronen Synchrotron (DESY) in Hamburg, Germany. Stress-free lattice
parameters a0 were determined from the TiAlN (200) peak and linear coefficients of thermal expansion
(CTE) αwere calculated according to:

α =
1
a0

∂a0

∂T
(3)

Powders grown with substrate rotation and the stationary deposition setup were ground and
put into a quartz capillary with a wall thickness of 20 µm and a diameter of 1 mm. The specimens
were heated to 600 ◦C using a Linkam THMS 600 stage (Surrey, UK) in a continuous measurement
setup. The stage was constantly purged with Ar to prevent oxidation and powders were illuminated
with a monochromatic photon beam (λ = 0.0207 nm). Two-dimensional high energy XRD patterns
were acquired every 12 s with a Perkin Elmer 1621 plate detector (Waltham, MA, USA) at a
sample-to-detector distance of 771 mm. Data analysis was carried out using the software package
FIT2D by integration of the two-dimensional high-energy XRD patterns in q space and conversion
to the total structure factor S(q) [21]. Corrections for absorption, fluorescence and inelastic Compton
scattering were made.

Density functional theory [22] calculations were carried out utilizing the Vienna ab initio
simulation package. Projector augmented wave potentials were used with the general gradient
approximation [23] and the ground state was determined by full structural relaxation with convergence
criterion of 10−3 eV, 500 eV energy cut-off and Blöchl corrections [24]. Total energy minimization
was realized as a function of volume with the Birch-Murnaghan equation of states [25] and a
6 × 6 × 3 k-point mesh was used for reciprocal space integration [26]. 2 × 2 × 4 supercells of
Ti0.50Al0.50N (128 atoms) were employed and three different configurations were studied: (a) minimum
number of Ti-Al bonds (named C#3 in the original work [27]); (b) alternating Ti–N and Al–N layers;
and (c) random distribution of Ti and Al.

To obtain the equilibrium volume and bulk modulus as a function of temperature and stress
state (configuration with minimum number of Ti-Al bonds), the Debye-Grüneisen model [28,29] was
employed, providing the Helmholtz free energy as a function of volume and temperature. By fitting
the Helmholtz free energy vs. volume data to the Birch-Murnagham equation of states [25] at each
temperature, as well as a volume offset to account for a different stress state, equilibrium volume and
bulk modulus were acquired. From these data, elastic modulus, assuming Poisson’s ratio of 0.214 [17],
and linear coefficient of thermal expansion were extracted.

3. Results and Discussion

The chemical composition of TiAlN coatings with 5 µm thickness, synthesized on sapphire
substrates with periodically interrupted (rotation and hybrid deposition geometry) and continuous
plasma exposure (stationary deposition geometry), was identified as 27 ± 2 at.% Ti, 24 ± 2 at.% Al,
48 ± 2 at.% N and <1 at.% O, and the geometry-induced differences were in the range of the statistical
uncertainty of ERDA. Hence, the deposition geometry/type of plasma exposure does not influence
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the chemical composition, while the coating microstructure appears to be significantly different,
as demonstrated by the STEM micrographs presented in Figure 1. Large columns with widths of
up to 500 nm are formed in the case of rotation, see Figure 1a, while finer columns with <100 nm
width are observed for the stationary and hybrid deposition geometry, see Figure 1b,c, respectively.
Furthermore, scanning electron micrographs of the coating surface (not shown) provide evidence for a
strong angular dependence of the macroparticle surface coverage. These findings are consistent with
previous reports, see, for example, [30]. The density and size of macroparticles incorporated into the
growing coating surface are significantly lower in case of continuous plasma exposure compared to
the substrate rotation deposition geometry.
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Figure 1. STEM micrographs of TiAlN cross-sections, synthesized with (a) substrate rotation,
(b) stationary, and (c) hybrid deposition geometry. All coatings were grown at floating potential
and the scale bar in (c) is valid for all micrographs.

Diffractograms of TiAlN coatings synthesized with the rotation and stationary setup on cemented
carbide substrates (10 µm thickness) are presented in Figure 2, providing evidence for single phase
formation of a cubic solid solution structure (NaCl prototype) independent of the deposition geometry.
Furthermore, it is evident that the stationary setup results in a stronger (200) preferred orientation
compared to the rotation, since the intensity ratios I(200)/I(111) are 4.1 and 13.4, respectively. Crystallite
sizes of 35 and 24 nm are estimated for substrate rotation and stationary deposition, respectively.
Recently, it has been demonstrated that the extent of cubic and wurtzite TiAlN phase stability regions
is predominated by the crystallite size [31]. Based on the present crystallite size data, it is expected
that higher critical Al solubilities x in cubic Ti1−xAlxN can be realized by employing substrate rotation,
which results in a larger crystallite size than the stationary deposition geometry.
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Figure 2. X-ray diffractograms of TiAlN, synthesized with substrate rotation and stationary deposition
geometry on cemented carbide substrates (10 µm thickness).



Coatings 2019, 9, 24 6 of 12

Elastic modulus values of TiAlN are presented as a function of the residual stress state in
Figure 3a. Independent of the substrate or coating thickness, 7%–11% higher elastic modulus values are
obtained for TiAlN grown with the stationary deposition geometry in comparison to the rotation setup.
All samples were grown at floating potential. Depending on the substrate and thickness, residual stress
states are in the range of −0.1 ± 0.1 to 1.0 ± 0.1 GPa and −2.3 ± 0.9 to −4.3 ± 1.5 GPa for the rotation
and stationary deposition geometry, respectively. The formation of more compressive stress states in
case of the stationary setup can be rationalized based on intense fluxes of film-forming species to the
growing coating surface due to the almost factor 10 higher deposition rate compared to the rotation
setup. It is well known that chemical composition [32], chemical configuration [27], temperature [33],
preferred orientation [34] and grain size [35] affect the mechanical properties. However, in the present
study, the change in elastic modulus of stationary grown TiAlN as a consequence of composition
variations (<1 at.% oxygen incorporation [32]) or chemical configuration (454–457 GPa elastic modulus
for the three different configurations) is estimated to be < 1%. Possible effects of growth temperature,
preferred orientation and grain size would result in a decrease of elastic modulus when comparing
the rotation to the stationary setup, and this is in contrast to the identified increase in elastic modulus.
Hence, these factors cannot serve as an explanation for the 7%–11% difference in elasticity obtained by
comparing stationary and rotation deposition geometry.
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Figure 3. Stress-dependent elasticity of TiAlN, comparing (a) the rotation and stationary deposition
geometry for different substrate material and film thicknesses, (b) DFT predictions (configuration
with minimum number of Ti-Al bonds at room temperature) and experimental data, (c) the rotation,
stationary and hybrid deposition geometry for a thickness of 5 µm on sapphire, and (d) the rotation
and stationary deposition geometry for different substrate materials at a substrate bias voltage of −15 V.
All coatings displayed in (a–c) were grown at floating potential.
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The experimental and theoretical data depicted in Figure 3b clearly illustrate that the elastic
modulus is stress-dependent, and that the slope of the predicted data at room temperature is similar to
that for the experimental data. The relative deviations of the absolute elastic modulus values are in the
order of 9%. This very good agreement between theory and experiment emphasizes that the elastic
modulus of metastable cubic TiAlN, grown at floating potential, can be predicted from the residual
stress state. The data presented here underline that the deposition geometry affects the residual stress
state and, thereby, the elastic properties.

The hybrid deposition geometry can be utilized to compare the interrupted plasma exposure
during rotation to the interrupted plasma exposure in the stationary setup. Since both geometries allow
for relaxation due to the periodically interrupted plasma exposure, the effect of deposition geometry
can be understood. This hybrid setup is characterized by a face-to-face geometry identical to the
stationary deposition setup, while shutters enable an interrupted plasma exposure as experienced by
the growing film surface during substrate rotation. The stress-dependent elastic modulus data of the
stationary and hybrid deposition geometry, presented in Figure 3c, are identical within the error bars.
However, compared to the sample grown during rotation, a significant stress-dependent difference in
elastic modulus of 7%–8% was obtained. Hence, the constantly high plasma density and intense fluxes
of film-forming species during the shutter opening times cause the formation of compressive residual
stresses for the hybrid deposition geometry as in the stationary deposition setup, where the plasma
exposure is continuous. Therefore, it can be learned that the exposure time of the substrate to the
plasma does not influence the residual stress state significantly, since the stress data from the hybrid
geometry (with shutter) is within the error bars identical to the stationary geometry (without shutter).

Experimentally, it has been shown that the elastic modulus is stress-dependent for TiAlN and
TiAlVN, synthesized by cathodic arc at negative substrate bias voltages ≤−40 V [36–38]. The associated
atomic scale mechanisms have recently been addressed by predictions and experimental verification of
Cr0.8Al0.2N taking ion bombardment explicitly into account [4]. To assess the floating potential that is
established during continuous vs. periodically interrupted plasma exposure, flat probe measurements
were conducted in front of the intense plasma and at the backside of the substrate holder where the
substrate is blocked from the plasma due to the holder, see Figure 4a. The substrate position-dependent
floating potential is presented in Figure 4b and reveals that the stationary deposition geometry is
characterized by a floating potential of −10 to −12 V, while the floating potential during the rotation
setup should increase to −4 V, when the substrate is positioned in a region of low plasma density
and small fluxes of film-forming species. Therefore, it may be speculated that the constantly “high”
floating potential in the stationary deposition geometry explains the 7%–11% higher elastic modulus
values compared to the rotation which is characterized not only by variations in the plasma density
and fluxes of film-forming species, but also by variations in the floating potential.

This hypothesis was critically appraised by growth experiments utilizing continuous and
periodically interrupted plasma exposure with a constant substrate bias potential of −15 V. Provided
that the variation in floating potential (during rotation) causes the measured differences in residual
stress state and elasticity between coatings produced with rotation and stationary deposition geometry,
these differences should be balanced by applying a constant substrate bias potential of −15 V during
rotation to mimic the ion bombardment during stationary deposition. Elastic modulus data are
presented as a function of residual stress state in Figure 3d for −15 V substrate bias potential and
the elasticity of the coatings grown with the stationary deposition geometry is still 10%–17% higher
compared to the substrate rotation. Hence, the significant difference in elastic modulus between
the two deposition geometries at floating potential cannot be explained by variations in the floating
potential during interrupted plasma exposure.

Another well-known contribution to the residual stress state are thermal stresses which are caused
by differences in linear coefficient of thermal expansion of film material and substrate at temperatures
different from the deposition temperature. The average linear coefficient of thermal expansion (CTE)
was calculated from stress-free lattice parameter data, obtained by in situ high-energy XRD. CTE
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values are with 8.3 ± 0.4 × 10−6 K−1 (rotation) and 8.0 ± 0.4 × 10−6 K−1 (stationary) in agreement
with both published data [39–41] and the predicted value of 7.3 × 10−6 K−1. Therefore, TiAlN exhibits
a significantly higher linear CTE than the sapphire substrate of 5.0 × 10−6 K−1 (in-plane, provided by
substrate manufacturer). When cooling the TiAlN coating from the deposition temperature to room
temperature, tensile thermal stresses can be expected, as the coating exhibits larger shrinkage than the
substrate. The thermal stress contribution (a comprehensive overview of residual stress contributions
is provided in [33]) can be estimated according to:

σthermal(T) =
ETiAlN

1 − νTiAlN

(
αsapphire − αTiAlN

)(
T − Tdeposition

)
(4)

Based on this estimation, and taking into account the deposition temperatures of 470 and
520 ◦C, the thermal residual stress contribution of TiAlN during cooling down from the deposition
temperature should be 0.9 and 1.0 GPa for the rotation and stationary deposition geometry, respectively.
Interestingly, this estimation is in partial agreement with the measured tensile residual stress values
of 0.4 ± 0.1 to 1.0 ± 0.1 GPa in case of the rotation deposition geometry at floating substrate bias
potential, but in contrast to the values of stationary grown TiAlN with −4.3 ± 1.5 to −2.7 ± 0.6 GPa,
see Figure 3a.

The residual stress state is displayed in Figure 5a as a function of the average surface roughness,
which is an indirect measure of the macroparticle surface coverage and thus macroparticle density.
It is evident that there are two regions of tensile/slightly compressive residual stress (>−1 GPa) and
strongly compressive residual stress (<−1 GPa). Hence, TiAlN coatings grown at floating potential with
periodically interrupted plasma exposure during substrate rotation exhibit the largest macroparticle
surface coverage and therefore high roughness values. This can be rationalized by considering that the
majority of macroparticles are ejected at an angle >10◦ with respect to the cathode normal [30].
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To identify the relationship between macroparticle incorporation and the elastic modulus, as well
as residual stress state, the cross-sectional morphology and composition of the TiAlN coating with
the highest macroparticle surface coverage, highlighted by a circle in Figure 5a, was investigated by
TEM and STEM-EDX. From Figure 5b–e, it is evident that underdense (dark) boundary regions are
formed between the TiN-rich macroparticles and the TiAlN matrix and an average porosity in the
order of 1% was determined from transmission electron micrographs. Based on Knudsen [42], the
porosity-dependent elastic modulus can be estimated by:

E = E0e−bP (5)
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wherein E and P represent elastic modulus and porosity, respectively. b is an empirical constant and
usually assumed to be in the range of b = 5 to 9 [42]. Hence, a porosity-induced elastic modulus
reduction of 5%–9% has to be expected. The significance of the macroparticle incorporation-induced
porosity is also reflected by the coating resistivity which increases by almost factor 2 from 5.3 to
10.4 µΩ m, comparing TiAlN grown with the stationary and rotation deposition geometry (10 µm
thickness), respectively. It appears reasonable that such underdense boundary regions act as sites
for stress relaxation. Therefore, it is reasonable to assume that the lower elastic modulus and less
compressive/tensile residual stress of TiAlN grown with substrate rotation at floating potential
originate from a significantly higher macroparticle surface coverage which induces the formation of
underdense boundary regions.
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4. Conclusions

We have investigated the effect of continuous vs. periodically interrupted plasma exposure during
cathodic arc evaporation on the elastic modulus as well as the residual stress state of metastable cubic
TiAlN coatings. The elastic modulus of TiAlN grown at floating potential with continuous plasma
exposure is 7%–11% larger than for coatings grown with periodically interrupted plasma exposure due
to substrate rotation. Excellent agreement between the experimental and predicted stress-dependent
elastic modulus data was obtained. Growth experiments with periodically interrupted plasma
exposure due to shutters allowed to infer that the exposure time of the substrate to the plasma
is not decisive for the residual stress state. The macroparticle surface coverage exhibits a strong angular
dependence, since both density and size of incorporated macroparticles are significantly lower due to
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continuous plasma exposure. Employing scanning transmission electron microscopy in combination
with energy dispersive X-ray spectroscopy, it was revealed that underdense boundary regions are
formed between the matrix and TiN-rich macroparticles and the estimated porosity is in the order
of 1%. Hence, based on effective medium theory an elastic modulus reduction of 5%–9% has to be
expected. It appears reasonable to assume that these underdense boundary regions enable stress
relaxation causing the experimentally determined reduction in elastic modulus as the population of
macroparticles is increased.

Author Contributions: Conceptualization, M.H. and J.M.S.; Methodology, M.H., D.M., B.S., D.P. and J.R.;
Investigation, M.H., L.P., D.M., D.M.H., S.E., V.S., B.S., D.P., B.V., B.W., J.R.; Writing, all the authors; Project
Administration, A.O.E., M.A., H.R. and J.M.S.

Funding: This research was partly funded by German Research Foundation (DFG, SFB-TR 87/3) “Pulsed high
power plasmas for the synthesis of nanostructured functional layers”, Jülich Aachen Research Alliance-High
Performance Computing (JARA-HPC, project JARA0151), Swedish Research Council for Research Infrastructures
(VR-RFI, contract 821-2012-5144) and Swedish Foundation for Strategic Research (SSF, contract RIF14-0053).
Parts of this research were carried out at beamline P02.1 of the light source PETRA III at Deutsches
Elektronen-Synchrotron (DESY), a member of the Helmholtz Association (HGF).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Münz, W.-D. Titanium aluminum nitride films: A new alternative to TiN coatings. J. Vac. Sci. Technol. A
1986, 4, 2717–2725. [CrossRef]

2. To Baben, M.; Hans, M.; Primetzhofer, D.; Evertz, S.; Ruess, H.; Schneider, J.M. Unprecedented thermal
stability of inherently metastable titanium aluminum nitride by point defect engineering. Mater. Res. Lett.
2017, 5, 158–169. [CrossRef]

3. Schramm, I.C.; Johansson-Joesaar, M.P.; Jensen, J.; Mücklich, F.; Odén, M. Impact of nitrogen vacancies on
the high temperature behavior of (Ti1−xAlx)Ny alloy. Acta Mater. 2016, 119, 218–228. [CrossRef]

4. Music, D.; Banko, L.; Ruess, H.; Engels, M.; Hecimovic, A.; Grochla, D.; Rogalla, D.; Brögelmann, T.;
Ludwig, A.; von Keudell, A.; et al. Correlative plasma-surface model for metastable Cr–Al–N: Frenkel
pair formation and influence of the stress state on the elastic properties. J. Appl. Phys. 2017, 121, 215108.
[CrossRef]

5. Holec, D.; Rovere, F.; Mayrhofer, P.H.; Barna, P.B. Pressure-dependent stability of cubic and wurtzite phases
within the TiN–AlN and CrN–AlN systems. Scr. Mater. 2010, 62, 349–352. [CrossRef]

6. Greczynski, G.; Mráz, S.; Ruess, H.; Hans, M.; Lu, J.; Hultman, L.; Schneider, J.M. Extended metastable Al
solubility in cubic VAlN by metal-ion bombardment during pulsed magnetron sputtering: Film stress vs.
subplantation. J. Appl. Phys. 2017, 122, 025304. [CrossRef]

7. Hans, M.; to Baben, M.; Chen, Y.-T.; Pradeep, K.G.; Holzapfel, D.M.; Primetzhofer, D.; Kurapov, D.; Ramm, J.;
Arndt, M.; Rudigier, H.; et al. Substrate rotation-induced chemical modulation in Ti-Al-O-N coatings
synthesized by cathodic arc in an industrial deposition plant. Surf. Coat. Technol. 2016, 305, 249–253.
[CrossRef]

8. Busch, F.; Pfeffer, W.; Kohlmeyer, B.; Schüll, D.; Pühlhoffer, F. A Position-Sensitive Transmission Time
Detector. Nucl. Instrum. Methods 1980, 171, 71–74. [CrossRef]

9. Zhang, Y.; Whitlow, H.J.; Winzell, T.; Bubb, I.F.; Sajavaara, T.; Arstila, K.; Keinonen, J. Detection efficiency of
time-of-flight energy elastic recoil detection analysis systems. Nucl. Instrum. Methods Phys. Res. B 1999, 149,
477–489. [CrossRef]

10. Ström, P.; Petersson, P.; Rubel, M.; Possnert, G. A combined segmented anode gas ionization chamber and
time-of-flight detector for heavy ion elastic recoil detection analysis. Rev. Sci. Instrum. 2016, 87, 103303.
[CrossRef]

11. Janson, M.S. CONTES Instruction Manual; Uppsala University: Uppsala, Sweden, 2004.
12. Zhirkov, I.; Petruhins, A.; Rosén, J. Effect of cathode composition and nitrogen pressure on macroparticle

generation and type of arc discharge in a DC arc source with Ti–Al compound cathodes. Surf. Coat. Technol.
2015, 281, 20–26. [CrossRef]

http://dx.doi.org/10.1116/1.573713
http://dx.doi.org/10.1080/21663831.2016.1233914
http://dx.doi.org/10.1016/j.actamat.2016.08.024
http://dx.doi.org/10.1063/1.4985172
http://dx.doi.org/10.1016/j.scriptamat.2009.10.040
http://dx.doi.org/10.1063/1.4991640
http://dx.doi.org/10.1016/j.surfcoat.2016.08.046
http://dx.doi.org/10.1016/0029-554X(80)90011-7
http://dx.doi.org/10.1016/S0168-583X(98)00963-X
http://dx.doi.org/10.1063/1.4963709
http://dx.doi.org/10.1016/j.surfcoat.2015.09.030


Coatings 2019, 9, 24 11 of 12

13. Van der Pauw, L.J. A method of measuring the resistivity and Hall coefficient on lamellae of arbitrary shape.
Philips Tech. Rev. 1958, 20, 220–224.

14. Ponon, N.K.; Appleby, D.J.R.; Arac, E.; King, P.J.; Ganti, S.; Kwa, K.S.K.; O’Neill, A. Effect of deposition
conditions and post deposition anneal on reactively sputtered titanium nitride thin films. Thin Solid Films
2015, 578, 31–37. [CrossRef]

15. Huang, J.-H.; Yu, K.J.; Sit, P.; Yu, G.-P. Heat treatment of nanocrystalline TiN films deposited by unbalanced
magnetron sputtering. Surf. Coat. Technol. 2006, 200, 4291–4299. [CrossRef]

16. Oliver, W.C.; Pharr, G.M. An improved technique for determining hardness and elastic modulus using load
and displacement sensing indentation experiments. J. Mater. Res. 1992, 7, 1564–1583. [CrossRef]

17. To Baben, M.; Raumann, L.; Music, D.; Schneider, J.M. Origin of the nitrogen over- and understoichiometry
in Ti0.5Al0.5N thin films. J. Phys. Condens. Matter 2012, 24, 155401. [CrossRef]

18. Scherrer, P. Bestimmung der Größe und der inneren Struktur von Kolloidteilchen mittels Röntgenstrahlen.
Nachrichten von der Gesellschaft der Wissenschaften zu Göttingen, Mathematisch-Physikalische Klasse 1918, 1918,
98–100. (In German)

19. Cullity, B.D. Elements of X-ray Diffraction, 2nd ed.; Addison-Wesley: Reading, MA, USA, 1956.
20. Brentano, J. Focussing method of crystal powder analysis by X-rays. Proc. Phys. Soc. Lond. 1924, 37, 184.

[CrossRef]
21. Egami, T.; Billinge, S. Underneath the Bragg Peaks: Structural Analysis of Complex Materials; Elsevier: Oxford,

UK, 2003; Volume 1.
22. Hohenberg, P.; Kohn, W. Inhomogeneous electron gas. Phys. Rev. 1964, 136, 864–871. [CrossRef]
23. Perdew, J.P.; Burke, K.; Enzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett. 1996,

77, 3865. [CrossRef]
24. Blöchl, P.E.; Jepsen, O.; Andersen, O.K. Improved tetrahedron method for Brillouin-zone integrations.

Phys. Rev. B 1994, 49, 16223. [CrossRef]
25. Birch, F. Finite strain isotherm and velocities for single-crystal and polycrystalline NaCl at high pressures

and 300 K. J. Geophys. Res. Solid Earth 1978, 83, 1257–1268. [CrossRef]
26. Monkhorst, H.J.; Pack, J.D. Special points for Brillouin-zone integrations. Phys. Rev. B 1976, 13, 5188–5192.

[CrossRef]
27. Mayrhofer, P.H.; Music, D.; Schneider, J.M. Influence of the Al distribution on the structure, elastic properties,

and phase stability of supersaturated Ti1−xAlxN. J. Appl. Phys. 2006, 100, 094906. [CrossRef]
28. Söderlind, P.; Nordström, P.; Yongming, L.; Johansson, B. Relativistic effects on the thermal expansion of the

actinide elements. Phys. Rev. B 1990, 42, 4544–4552. [CrossRef]
29. Music, D.; Geyer, R.W.; Keuter, P. Thermomechanical response of thermoelectrics. Appl. Phys. Lett. 2016, 109,

223903. [CrossRef]
30. Daalder, J.E. Components of cathode erosion in vacuum arcs. J. Phys. D Appl. Phys. 1976, 9, 2379–2395.

[CrossRef]
31. Hans, M.; Music, D.; Chen, Y.-T.; Patterer, L.; Eriksson, A.O.; Kurapov, D.; Ramm, J.; Arndt, M.; Rudigier, H.;

Schneider, J.M. Crystallite size-dependent metastable phase formation of TiAlN coatings. Sci. Rep. 2017, 7,
16096. [CrossRef]

32. Hans, M.; to Baben, M.; Music, D.; Ebenhöch, J.; Primetzhofer, D.; Kurapov, D.; Arndt, M.; Rudigier, H.;
Schneider, J.M. Effect of oxygen incorporation on the structure and elasticity of Ti–Al–O–N coatings
synthesized by cathodic arc and high power pulsed magnetron sputtering. J. Appl. Phys. 2014, 116, 093515.
[CrossRef]

33. Daniel, R.; Holec, D.; Bartosik, M.; Keckes, J.; Mitterer, C. Size effect of thermal expansion and
thermal/intrinsic stresses in nanostructured thin films: Experiment and model. Acta Mater. 2011, 59,
6631–6645. [CrossRef]

34. Tasnádi, F.; Abrikosov, I.A.; Rogström, L.; Almer, J.; Johansson, M.P.; Odén, M. Significant elastic anisotropy
in Ti1−xAlxN alloys. Appl. Phys. Lett. 2010, 97, 231902. [CrossRef]

35. Kim, H.S.; Bush, M.B. The effects of grain size and porosity on the elastic modulus of nanocrystalline
materials. Nanostruct. Mater. 1999, 11, 361–367. [CrossRef]

36. Vlasveld, A.C.; Harris, S.G.; Doyle, E.D.; Lewis, D.B.; Münz, W.-D. Characterisation and performance of
partially filtered arc TiAlN coatings. Surf. Coat. Technol. 2002, 149, 217–224. [CrossRef]

http://dx.doi.org/10.1016/j.tsf.2015.02.009
http://dx.doi.org/10.1016/j.surfcoat.2005.02.147
http://dx.doi.org/10.1557/JMR.1992.1564
http://dx.doi.org/10.1088/0953-8984/24/15/155401
http://dx.doi.org/10.1088/1478-7814/37/1/326
http://dx.doi.org/10.1103/PhysRev.136.B864
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevB.49.16223
http://dx.doi.org/10.1029/JB083iB03p01257
http://dx.doi.org/10.1103/PhysRevB.13.5188
http://dx.doi.org/10.1063/1.2360778
http://dx.doi.org/10.1103/PhysRevB.42.4544
http://dx.doi.org/10.1063/1.4971387
http://dx.doi.org/10.1088/0022-3727/9/16/009
http://dx.doi.org/10.1038/s41598-017-16567-z
http://dx.doi.org/10.1063/1.4894776
http://dx.doi.org/10.1016/j.actamat.2011.07.018
http://dx.doi.org/10.1063/1.3524502
http://dx.doi.org/10.1016/S0965-9773(99)00052-5
http://dx.doi.org/10.1016/S0257-8972(01)01448-7


Coatings 2019, 9, 24 12 of 12

37. Ahlgren, M.; Blomqvist, H. Influence of bias variation on residual stress and texture in TiAlN PVD coatings.
Surf. Coat. Technol. 2005, 200, 157–160. [CrossRef]

38. Pfeiler, M.; Kutschej, K.; Penoy, M.; Michotte, C.; Mitterer, C.; Kathrein, M. The influence of bias voltage on
structure and mechanical/tribological properties of arc evaporated Ti–Al–V–N coatings. Surf. Coat. Technol.
2007, 202, 1050–1054. [CrossRef]

39. Tkadletz, M.; Schalk, N.; Daniel, R.; Keckes, J.; Czettl, C.; Mitterer, C. Advanced characterization methods for
wear resistant hard coatings: A review on recent progress. Surf. Coat. Technol. 2016, 285, 31–46. [CrossRef]

40. Bartosik, M.; Holec, D.; Apel, D.; Klaus, M.; Genzel, C.; Keckes, J.; Arndt, M.; Polcik, P.; Koller, C.M.;
Mayrhofer, P.H. Thermal expansion of Ti–Al–N and Cr–Al–N coatings. Scr. Mater. 2017, 127, 182–185.
[CrossRef]

41. Tasnádi, F.; Wang, F.; Odén, M.; Abrikosov, I.A. Thermal expansion of quaternary nitride coatings. J. Phys.
Condens. Matter 2018, 30, 135901. [CrossRef]

42. Knudsen, F.P. Dependence of mechanical strength of brittle polycrystalline specimens on porosity and grain
size. J. Am. Ceram. Soc. 1959, 42, 376–387. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.surfcoat.2005.02.078
http://dx.doi.org/10.1016/j.surfcoat.2007.07.045
http://dx.doi.org/10.1016/j.surfcoat.2015.11.016
http://dx.doi.org/10.1016/j.scriptamat.2016.09.022
http://dx.doi.org/10.1088/1361-648X/aab0b8
http://dx.doi.org/10.1111/j.1151-2916.1959.tb13596.x
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

