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Tuning the mechanical properties and toughness of TiAlN coatings 
deposited by low duty cycle pulsed magnetron sputtering from a rotating 
cylindrical target

Veronika Simova *, Oleg Zabeida , Luis Bernardo Varela , Jincheng Qian ,  
Jolanta-Ewa Klemberg-Sapieha *, Ludvik Martinu
Department of Engineering Physics, Polytechnique Montréal, Montreal, Quebec H3T 1J4, Canada

A R T I C L E  I N F O
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A B S T R A C T

Despite the promising capabilities, rotating cylindrical magnetron sputtering (CMS) has been relatively rarely 
described in the literature, especially regarding hard protective coating applications. In this study, we investigate 
the use of CMS in the pulsed dc mode with very low duty cycle (<10 %) to prepare model TiAlN coatings at 
relatively high deposition rates (4 μm/h). We examine the impact of key parameters, specifically, substrate bias 
and substrate temperature on the coating microstructure and properties. Particularly, we focus on the residual 
stress in the coatings and their nanoindentation toughness, as these characteristics are crucial for the under
standing of the film behavior and optimizing coating architectures. TiAlN coatings prepared with a substrate bias 
of about − 100 V exhibit dense morphology, and high hardness (28–30 GPa), while the level of compressive stress 
in the coatings can be significantly reduced by increasing substrate temperature (from − 5.6 GPa to − 2.3 GPa at 
room temperature and 400 ◦C, respectively). Furthermore, we show a linear relationship between the residual 
stress in the TiAlN coatings and their nanoindentation toughness (1.1 MPa⋅m1/2 to 5.1 MPa⋅m1/2). Our findings 
demonstrate that both substrate bias and temperature can be effectively used to control the microstructure, 
mechanical properties, toughness and compressive stress level in the coatings, thereby opening a possibility to 
mitigate loading stress in various applications.

1. Introduction

Magnetron sputtering (MS) is one of the most widely used physical 
vapor deposition (PVD) techniques for the fabrication of functional 
coatings for numerous applications [1–3]. However, to apply MS with 
standard planar magnetrons on a large scale, it is necessary to cope with 
various challenges such as low target utilization typically limited to 
25–30 % [4,5] due to the non-uniform target erosion and formation of a 
stationary racetrack (i.e., erosion groove), which increases the costs. In 
addition, the presence of the racetrack results in process instabilities 
during reactive sputtering as discussed, e.g., in refs. [6–8]. Progressing 
target erosion during the deposition process results in changes in the 
effective magnetic field at the target surface, having a strong influence 
on the ionized fluxes and the deposition rate, and thus, significantly 
affecting the long-term process reproducibility [8]. In addition, in the 
reactive mode, the region outside the racetrack is completely covered by 
a dense compound layer (oxide or nitride), which can lead to arcing [9].

In contrast, cylindrical magnetron sputtering (CMS) using a rotating 
cylindrical target, differs from traditional methods in that the racetrack 
is not stationary, but moves across the target surface. This results in 
uniform erosion and prevents formation of an erosion groove, leading to 
a significantly higher effective target utilization [10]. The large material 
inventory also results in a longer useful time and decreased costs [5,11]. 
Another important advantage of rotating cylindrical targets is the fact 
that only a portion of the target is exposed to the plasma for a short time, 
which enhances target cooling compared to standard planar magne
trons. This makes it possible to apply higher powers to the magnetron 
and to achieve higher deposition rates [10]. Moreover, the growth of 
non-stable compounds on the target surface can be strongly reduced due 
to continuous plasma cleaning during the target rotation, minimizing 
arcing probability in the reactive sputtering mode [12,13]. The main 
drawbacks, however, include the complexity of the system design and a 
limited supply of available target materials [5].

Due to its many benefits, CMS has been explored for industrial 
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production of large-area in-line optical coatings [11,14–16]. Further
more, CMS provides valuable opportunities for research to investigate 
certain fundamental effects in sputtering processes (e.g., the effect of 
redeposition described in [17,18]) which would not have been observed 
with planar magnetrons.

CMS appears to be very well adapted for low duty cycle magnetron 
sputtering techniques (pulsed dc, HiPIMS) and to cope with the other
wise reduced deposition rate in these regimes, which limits their full 
implementation in industry for the fabrication of high-quality protective 
coatings, especially in HiPIMS mode. Such an approach benefits from a 
large ratio between the target and substrate surface, providing an 
enhanced deposition rate and ion flux, while increasing the target uti
lization. Nevertheless, the use of CMS for the preparation of protective 
coatings is still largely unexplored or unpublished. Inspired by recent 
research activities on HiPIMS, which has been proven to generate a 
dense plasma with a high degree of ionization of the sputtered atoms, 
making it possible to deposit high-quality smooth coatings even on 
complex-shaped substrates (as shown, e.g., in refs. [19–21]), in this 
work we investigate the use of low duty cycle pulsed dc magnetron 
sputtering (LDMS), previously described, e.g., in [22,23], in conjunction 
with CMS for the preparation of hard protective coatings. Specifically, 
TiAlN with a Ti/Al stoichiometric ratio of 1 has been selected here as a 
model material widely used in aerospace and manufacturing applica
tions, particularly due to the combination of high hardness, wear 
resistance, thermal stability and oxidation resistance [24–28]. We 
describe the deposition process and the cylindrical magnetron discharge 
characteristics, while discussing the effect of substrate bias and/or 
substrate heating on the composition, microstructure, and properties, 
including the nanoindentation toughness, of TiAlN coatings. Particu
larly, we study the development of residual stress (RS) in the coatings, as 
RS plays an important role in the performance of the protective coatings 
in real-life applications.

2. Experimental details

2.1. Coating preparation

The TiAlN coatings were prepared in a vacuum deposition system 
consisting of a 700 l volume rectangular stainless steel chamber equip
ped with a rotatable cylindrical magnetron (Sputtering Components 
Inc., CM125 TRM-Bar™) and a stationary substrate holder (see a sche
matic illustration in Fig. 1). The chamber was evacuated by a turbo
molecular pump backed by a rotary roughing pump. The base pressure 
in the chamber prior to experiments was below 2 × 10− 6 Torr (measured 
by a Pirani gauge). In order to remove surface contamination, the sub
strates were sputter cleaned in a pulsed dc discharge (Advanced Energy, 
Pinnacle Plus) for 30 min at a constant Ar pressure of 15 mTorr and a 
substrate bias voltage of − 500 V.

The coatings were deposited onto p-type Si(100) substrates using an 
alloy TiAl cylindrical target (robeko GmbH & Co. KG) rotating at a speed 
of 10 rpm, total length of 550 mm, outer diameter of 152 mm with a Ti: 
Al ratio of 50:50 in Ar +N2 gas mixtures. The flow of Ar was kept fixed at 
57 sccm, while the N2 flow was varied from 0 sccm up to 20 sccm, 
resulting in the total pressure in the range of 3–3.5 mTorr (measured by 
a capacitance diaphragm gauge). LDMS pulses were produced using a 
pulse generator (Magpuls Stromversorgungs Systeme GmbH, MP-2-HC) 
powered by an external dc power supply (Rübig GmbH & Co KG, MP 
120). Typical deposition and pulsing parameters are listed in Table 1.

The substrate-to-target distance was kept constant at 85 mm. The 
substrates were held at a floating potential or intentionally biased using 
a dc power supply (Advanced Energy, Pinnacle Plus). Their temperature 
was maintained at a preset temperature between RT and 400 ◦C.

An optical emission spectrometry (OES) system (PLASUS GmbH, 
EMICON SA) was connected to the sputtering system for in-situ real-time 
monitoring of the voltage and current waveforms, plasma emission 
spectra and evolution of selected emission lines during the deposition 

process.

2.2. Coating characterization

The coating microstructure was investigated by X-ray diffraction 
(XRD). The measurements were carried out in the θ-2θ mode from 20◦ to 
90◦ on a Bruker D8-Discover diffractometer using CuKα radiation (40 
kV, λ = 0.154 nm). The diffraction patterns were evaluated using the 
PDF-4+ database and DIFFRAC.EVA software package from Bruker.

Scanning electron microscopy (SEM) observations were performed 
using a field emission gun JEOL JSM7600F system operating at 10.0 kV. 
The chemical composition of the coatings was determined by energy 
dispersive X-Ray spectroscopy (EDS) carried out using an EDS X-MaxN 
detector from Oxford Instruments. Despite EDS is generally considered 
to be less effective for detection of light elements, we consider it to be 
appropriate for the evaluation of the chemical composition of TiAlN 
coatings based on our recent study showing very good agreement be
tween different characterization methods (EDS, ERD-TOF and XPS) even 
for light elements like B and C [29].

Surface roughness values, Sa, of the coatings were assessed by 3D 

Fig. 1. Schematic illustration of the deposition system with the rotating cy
lindrical magnetron: a) top view, b) side view.
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optical profilometry performed with a Bruker ContourX-100 
profilometer.

Mechanical properties (hardness, H, and reduced Young’s modulus, 
Er) were investigated by nanoindentation using a Bruker Hysitron TI 950 
Triboindenter equipped with a Berkovich diamond pyramidal tip. Each 
coating was probed by a 4 × 4 indentation matrix. For each indentation 
of the matrix, a multicycle load ranging from 2 to 200 mN was used. The 
load-displacement curves were analyzed using the Oliver and Pharr 
methodology [30].

The coating toughness, Kc, was evaluated through nanoindentation 
with a cube-corner tip, and calculated using the following equation [31]: 

Kc = α⋅
̅̅̅̅
E
H

√

⋅
F

c
3
2
, (1) 

where α is an empirical calibration constant related to the geometry of 
the indenter (0.033 for a cube-corner indentation tip [32]), E and H are 
elastic modulus and hardness, respectively, F is the applied load, and c is 
the length of the radial cracks from the center of the indent. To create 
radial cracks for evaluation of the nanoindentation toughness, a matrix 
of 7 × 7 indents with a load ranging from 10 to 500 mN was used. 
Subsequently, the length of the cracks created during nanoindentation 
was measured by SEM.

The residual stress, σ, and stress-free lattice parameters, a0, were 
evaluated by multi-hkl grazing incidence XRD (MGIXRD) measurements 
taken at different angles of incidence to scan all the coating thickness. 
The methodology has been described in detail elsewhere [33]. The X-ray 
elastic constants (XECs), 1 /2Shkl

2 and Shkl
1 , were obtained from the elastic 

stiffness constants for TiAlN (C11 = 447, C12 = 158, C44 = 203) using the 
Kroner model via the IsoDEC software [34].

The crystallite size was calculated using the Scherrer’s formula: 

davg =
k⋅λ

β⋅cosθ
(2) 

where k is the crystallite shape factor (approx. 0.9), λ is the X-ray 
wavelength (0.154 nm), β is the full width at half maximum (FWHM) of 
the diffraction peak (in radians), and θ is the Bragg’s angle (in degrees).

3. Results and discussion

In this section, we discuss the results for TiAlN coatings prepared by 

rotating-target CMS in the LDMS mode. First, we present the deposition 
parameters and discharge characteristics (Section 3.1). Then, we 
compare the deposition rates achieved in LDMS and conventional pulsed 
dc modes, as well as when using cylindrical or planar magnetrons 
(Section 3.2). Thereafter, we discuss the composition, and microstruc
ture (Section 3.3), mechanical properties (Section 3.4), residual stress 
(Section 3.5), and nanoindentation toughness (Section 3.6) of the TiAlN 
coatings prepared by rotating CMS in the LDMS mode at various sub
strate temperatures (up to 400 ◦C) and at a floating potential, or when 
using substrate bias.

3.1. Discharge characteristics

Process parameters used for the deposition of the TiAlN coatings are 
listed in Table 1, and typical time evolution of the magnetron voltage 
and discharge current for depositions in the LDMS mode is shown in 
Fig. 2. At the end of the rectangular negative voltage pulse of − 740 V, a 
high positive voltage overshoot of +302 V, accompanied by negative 
values of the discharge current of − 4 A, can be observed. In fact, such 
voltage reversal (positive kick) is beneficial for the coating deposition, 
since it leads to a bombardment of the growing films by ions with a high 
kinetic energy for a very short time, and thus to film densification 
without using any additional substrate bias [35–37]. The current 
waveform exhibits a triangular-like shape, which might be attributed to 
a discharge mode being dominated by working gas recycling, where the 
conditions for effects like gas rarefaction and self-sputtering have not 
been completely established [38,39].

For comparison, parameters for pulsed dc depositions with high duty 
cycle (at the same average power as in LDMS), are also shown in Table 1. 
In the conventional pulsed dc mode, the pulse and peak currents were 
much lower (approx. 4 A and 10 A, respectively) compared to LDMS, as 
well as the positive voltage overshoots (tens of V only).

Typical spectra recorded by OES during the deposition of TiAlN 
coatings in LDMS and conventional pulsed dc modes are presented in 

Table 1 
Process parameters used for the deposition of the TiAlN coatings from the 
rotating cylindrical magnetron. Discharge parameters were determined from the 
waveforms (see Fig. 2).

LDMS Pulsed dc

Total pressure 3.4 mTorr
N2 partial pressure 0.4 mTorr
Ar flow rate 47 sccm
N2 flow rate 15 sccm
Pulse length 100 μs 1000 μs
Frequency 0.91 kHz 0.91 kHz
Duty cycle 9.1 % 91 %
Magnetron voltage − 740 V − 450 V
Pulse current 23 A 3.9 A
Pulse current density (target) 0.12 A/cm2 0.02 A/cm2

Peak current 33 A 10 A
Peak current density 0.17 A/cm2 0.05 A/cm2

Pulse power 17.6 kW 1.8 kW
Pulse power density 88 W/cm2 9 W/cm2

Peak power 24.4 kW 4.5 kW
Peak power density 122 W/cm2 22.5 W/cm2

Average power 1.6 kW
Average power density 8 W/cm2

CM rotation speed 10 rpm
Substrate bias voltage Floating or − 100 V
Substrate temperature RT up to 400 ◦C

Fig. 2. Time evolution of the magnetron voltage and the discharge current 
during rotating cylindrical LDMS deposition of TiAlN coatings in an Ar + N2 gas 
mixture, at a voltage pulse length of 100 μs, frequency of 0.91 kHz, and a 
rotation speed of 10 rpm.
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Fig. 3a and b, including an indication of the emission lines selected for 
real-time monitoring during the process. Fig. 3a is a representative 
example of an optical spectrum characteristic for low duty cycle dis
charges as it is dominated by metallic species (Al, Ti, Ti+), while the 
intensity corresponding to process gas (Ar, N2, N2

+) is relatively low, 
which can be also typically observed in HiPIMS. On the other hand, in 
conventional pulsed dc discharges (see Fig. 3b), the emission intensity of 
metallic species is much lower compared to the intensity of Ar.

3.2. Deposition rate

As already mentioned, one of the main drawbacks of low duty cycle 
magnetron sputtering is its relatively low deposition rate. Thus, we 
prepared two sets of TiAlN coatings by LDMS and conventional pulsed 
dc magnetron sputtering to compare the deposition rates in the CMS 
configuration (see Fig. 4a and b). In the metallic regime (0 sccm of N2), 
the deposition rate is 4.6 μm/h and 7 μm/h in the LDMS and pulsed dc 
modes, respectively, which represents a drop in the deposition rate by 
35 % in LDMS compared to the pulsed dc mode. The N2 admixture (up to 
20 sccm) resulted in a reduction in the deposition rate by additional 35 
% in the pulsed dc discharges, while it dropped by only 20 % in LDMS. 
Consequently, the difference in the deposition rate between the con
ventional pulsed dc and LDMS is much smaller in the reactive regime 
than in the metallic regime. Note also that the pulse power in the LDMS 
mode increased by approximately 115 % in the reactive regime, but only 
by 25 % in the pulsed dc regime. This behavior might be related to ef
fects such as different levels of poisoning and reactive gas gettering in 
different pulsing modes.

One of our goals in this work has been to prove if using CMS in the 
LDMS mode could enhance the deposition rate, which is generally 
significantly reduced in low duty cycle magnetron sputtering tech
niques. In Table 2 and Fig. 4, we show deposition rates of TiAlN coatings 

obtained in LDMS with cylindrical magnetron in the present work 
compared to the values reported in the literature for planar magnetrons. 
Since such comparison is not straightforward and depends on many 
factors (e.g., power density and target racetrack area, substrate-target 
distance, pressure, gas mixture composition, etc.), we selected exam
ples of Ti1− xAlxN coatings with a similar composition (close to x = 0.5) 
deposited in modes similar to LDMS used here from a single TiAl alloy 
target. For example, in our previous work on TiAlN coatings produced 
by HiPIMS from a planar magnetron [40], the deposition rate was almost 
9× lower despite only a slightly reduced average power density.

It should be noted here that we considered the area of the racetrack 
(based on the measured distribution of the magnetic field on the target 
surface) to calculate the power density, while it can also be frequently 
calculated based on the target area. In addition, using a cylindrical 
target benefits from a large ratio between the surface of the target and 
substrate, increasing the number of metallic species arriving to the 
substrate from different directions, which can also lead to an apparent 
increase in the deposition rate.

3.3. Composition and microstructure

Figs. 5 and 6 show the chemical composition and stoichiometry of 
the TiAlN coatings prepared at different substrate temperatures with or 
without bias. Note that in all TiAlN coatings, we found a slightly higher 
content of Al compared to Ti, i.e., x = Al/(Ti + Al) > 0.5, even though 
the declared target composition is Ti:Al = 50:50 at.%. The coating 
composition is a result of an interplay of complex processes that occur 
not only during sputtering from an alloy target (e.g., difference in 
sputtering yields for Ti and Al [44], reactivities with N [45] or emission 
angles [46]), but also during the transport of sputtered particles in the 
plasma (scattering) or on the surface of the growing films (different 
sticking coefficients), and thus, the composition of the coatings does not 

Fig. 3. Typical optical emission spectra for a) LDMS and b) conventional pulsed dc discharges during the deposition of TiAlN coatings from the rotating cylindrical 
magnetron with indicated lines selected for real-time plasma monitoring.
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necessarily have to correspond to the target composition (as also 
investigated, e.g., in [47]).

The ratio between the Al and Ti contents is slightly reduced when the 
substrate bias is used at room temperature (see Fig. 6) which can be 
caused by: (i) preferential re-sputtering of Al (as also observed, e.g., in 
[41,48]); (ii) a higher degree of ionization of Ti particles and prefer
ential attraction of Ti+ ions to the negatively biased substrates [48]; and 
(iii) an increasing effect of back scattering of lighter Al species from the 
substrate [24,49,50]. In addition, as can be seen in Figs. 5 and 6, the 
concentration of N in the TiAlN coatings slightly increased with sub
strate biasing.

Fig. 7 compares the microstructures of TiAlN coatings prepared at 
different substrate temperatures and at a floating potential (Ufl) or when 

a substrate bias was used (Us). Positions of all peaks in the XRD patterns 
have been found between the standard positions of c-TiN (JCPDS card 
38-1420) and c-AlN (JCPDS card 25-1495), indicating a (Ti, Al)N solid 
solution with a mixture of (111), (200), (220), (311) and (222) 
orientations.

For the maximum substrate temperature used (400 ◦C), a presence of 
new features on the right shoulders of the (111) and (220) peaks can be 
observed at 2θ values of 38.81◦ and 64.76◦, respectively. These peaks 
can be most probably assigned to h-AlN (JCPDS card 00-008-0262). 
When the substrate bias is used at high temperatures, no distinct 
peaks related to a formation of new Al-containing phases could be 
identified but note an apparent asymmetry of the (111) and (220) peaks.

The resulting texture is generally determined by a competition be
tween the thermodynamic driving forces (surface energy and strain 
energy) and kinetic aspects to minimize the total energy of the system 
during the film growth [51–53]. TiAlN coating deposited at a floating 
substrate potential and room temperature, i.e., under low ion- 

Fig. 4. Comparison of the deposition rates and pulse powers at various N2 flow 
rates during deposition of the TiAlN coatings from the rotating cylindrical 
target in a) LDMS and b) conventional pulsed dc modes. For comparison, data 
from [40–42] are shown (empty symbols – deposition rate, full symbols – 
pulse power).

Table 2 
Comparison of the deposition rates achieved for TiAlN coatings produced by low duty cycle magnetron sputtering techniques (LDMS or HiPIMS) using cylindrical or 
planar magnetrons.

Coating (at. 
%)

Target (at.%) Dep. rate (μm/ 
h)

Substrate-target distance 
(mm)

Pressure 
(mTorr)

Duty cycle 
(%)

Avg. power 
(kW)

Avg. power density (W/ 
cm2)

Ref.

Ti45Al55N Cylindr. 
Ti50Al50

4.0 85 3.4 9.1 1.6 8.0 This 
work

Ti42Al58N Planar 
Ti50Al50

0.46 100 3 8 0.3 6.6 [40]

Ti59Al41N Planar 
Ti67Al33 (wt 

%)

0.50 110 5 7.5 0.8 – [41]

Ti47Al53N Planar 
Ti60Al40

0.47 110 3 10 1 5.5 [42]

TixAl1-xN Planar 
Ti50Al50

1.0–2.2 55–145 1.5–7.5 8 15 19.2 [43]

Fig. 5. Chemical composition of TiAlN coatings prepared by rotating cylin
drical LDMS at various substrate temperatures and at a) a floating potential, or 
b) using a substrate bias of about − 100 V.
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bombardment conditions, develops a dominant (111) preferred orien
tation. This is typical for TiN and TiAlN coatings crystallizing in face- 
centered cubic B1 NaCl-type structures, where [111] represents the 
fastest growing directions. Under conditions approaching thermody
namic equilibrium (when the surface energy is the dominant contribu
tion to the total energy), such as at high temperatures, the growth of 
(200) and (220) orientations is favored due to their lower surface energy 
in the B1 NaCl-type structures [54]. Under enhanced ion bombardment 

during substrate biasing, increased flux of N2
+ ions attracted to the 

substrate, subsequently collisionally dissociated when impinging the 
substrate, and consequently increased N coverage significantly reduce Ti 
adatom mobility on (200) oriented grains, causing the transition from 
(111) to (200) orientation [55]. In addition, (111) orientation with the 
highest density of atoms is most sensitive to collision cascades and 
possible re-sputtering, and thus, (200) and (220) planes, more open for 
ion channelling [52,53,56], are preferred under ion bombardment.

Besides the changing crystal orientation, we can also observe a slight 
peak shift to different 2θ angles depending on the substrate temperature 
and bias. Generally, the peak shift can be related to a change in the 
composition (shown in Figs. 5 and 6) due to different atomic radii of 
individual elements incorporated in the coatings, which results in 
changing interplanar distances and hence a shift of diffraction peaks to 
different 2θ values [41]. In addition, the peak shift can also be an 
indication of changing residual stress in the coatings, which will be 
discussed further in Section 3.5. With substrate heating, the diffraction 
peaks appear at slightly higher 2θ angles, indicating a reduced 
compressive stress compared to the TiAlN coatings prepared at room 
temperature. On the contrary, substrate bias shifts the diffraction peaks 
to lower angles, which might be a sign of an increasing compressive 
stress in the TiAlN coatings. Moreover, an obvious peak broadening 
when substrate bias is used can be an indication of grain refinement due 
to increased energy of ion bombardment.

To distinguish between the contributions of the chemical composi
tion or the residual stress, Fig. 8 shows a comparison of the stress-free 
lattice parameters calculated for the TiAlN coatings with lattice pa
rameters as expected for the respective coating composition determined 
from the Vegard-like dependence [57].

It can be seen that the stress-free lattice parameters a0 increase with 
substrate bias, from 0.419 to 0.424 at room temperature which can be 
explained by: (i) decreased Al content in the c-(Ti, Al)N phase; or (ii) 
increased generation of defects during ion bombardment.

Based on the Vegard-like dependence, the high a0 values of the TiAlN 
coatings corresponding to high values of [Ti]/([Ti] + [Al]) ratios (0.62 
and 0.98), suggest that the c-(Ti, Al)N phase contains less Al than ex
pected, which must be compensated by formation of Al-rich phases 
[57,58]. However, no presence of such Al-rich phases could be detected 
by XRD for the TiAlN coatings prepared at room temperature (see 
Fig. 7). In addition, despite slightly reduced Al content in the coatings 
could be detected by EDS (Fig. 6) when substrate bias was used ([Ti]/ 
([Ti] + [Al]) increased from 0.45 to 0.47), this could not explain such a 
significant increase in a0 values shown in Fig. 8. In addition, in the case 

Fig. 6. Stoichiometry of TiAlN coatings prepared by rotating cylindrical LDMS 
at various substrate temperatures and at a) a floating potential, or b) using a 
substrate bias of about − 100 V.

Fig. 7. Microstructure evolution of TiAlN coatings prepared by rotating cy
lindrical LDMS at various substrate temperatures and at a floating potential, or 
using a substrate bias of about − 100 V.

Fig. 8. Comparison of the stress-free lattice parameters determined for TiAlN 
coatings prepared by rotating cylindrical LDMS at various substrate tempera
tures and at a floating potential (squares), or using a substrate bias of about 
− 100 V (circles) with the Vegard-like dependence (solid line). According to the 
Vegard-like dependence, the lattice parameters of 0.419 nm (RT, Ufl), 0.424 nm 
(RT, Us), 0.416 nm (400 ◦C, Ufl), and 0.419 nm (400 ◦C, Us) correspond to [Ti]/ 
([Ti] + [Al]) of 0.62, 0.98, 0.40 and 0.62 in c-Ti− Al− N, respectively.
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of the TiAlN coating prepared with substrate bias, the Vegard-like 
dependence suggests almost complete segregation of the material in 
TiN and AlN, which is very unlikely, since the XRD diffractograms in 
Fig. 7 clearly show c-(Ti, Al)N structure. Thus, we can conclude that the 
dominant contribution comes from higher amount of stress-generating 
defects due to ion bombardment, as also shown, e.g. in [33,59].

At high temperatures (400 ◦C), the a0 values decrease compared to 
the coatings prepared at room temperature. When no substrate bias was 
used, it is even lower than the lattice parameter predicted by the Vegard- 
like dependence. This might be related to slightly reduced N content in 
the coatings prepared at high temperatures (see Fig. 6a). Missing N in 
the c-(Ti, Al)N phase leads to a shrinkage and deformation of the lattice 
structure and consequently decrease in the stress-free lattice parameter 
[60].

Fig. 9 presents cross-sections and surface SEM images of the TiAlN 
coatings prepared at different substrate temperatures and bias 

conditions. All coatings possess a columnar microstructure with all 
columns oriented in the direction perpendicular to the substrate. The 
coatings produced with no bias (Fig. 9a–c and g–i) exhibit a more open 
morphology consisting of pyramidal columns with rough conical tops, 
resulting in a higher surface roughness (Sa ≈ 30 nm). Ion bombardment 
under bias conditions (shown in Fig. 9d–f and j–l) gives rise to densifi
cation of the coatings which then possess a more compact microstruc
ture with finer grains and a smoother surface (Sa < 3 nm).

Due to a reduced current (and hence reduced power) during de
positions (controlled by the voltage) with substrate heating, we also 
observe a lower thickness of the coatings prepared at 300 ◦C and 400 ◦C. 
Further reduction in the coating thickness by approximately 12 % when 
the substrate bias was used is related to enhanced mobility of the ada
toms induced by the combination of high temperatures and ion 
bombardment, leading to the migration of small grains to the bound
aries, reduction in vacant sites, and overall coating densification 

Fig. 9. Cross-section (a–f) and top-view (g–l) SEM micrographs of TiAlN coatings prepared by rotating cylindrical LDMS at various substrate temperatures, and at a 
floating potential or using a substrate bias as indicated on the micrographs.
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[61,62].

3.4. Mechanical properties

Fig. 10a and b shows the hardness and reduced Young’s modulus of 
TiAlN coatings prepared at different substrate temperatures and sub
strate bias. The substrate heating itself (at a floating potential) results in 
an enhancement of mechanical properties (Fig. 10a). However, the 
impact of the substrate heating is less significant compared to the effect 
of substrate bias, as the hardness increases only up to 25 GPa compared 
to 30 GPa achieved with substrate biasing at room temperature (see 
Fig. 10b). All TiAlN coatings prepared with substrate bias and at 
different temperatures possess relatively high hardness in the range 
between 28 GPa and 30 GPa.

The evolution of the mechanical properties can be attributed to 
several effects: (i) change in the texture (see Fig. 7), namely decreasing 
the intensity of the (111) orientation which is the preferred orientation 
for sliding [63]; (ii) grain refinement, as described by the well-known 
Hall-Petch equation [64,65]; and (iii) residual stress – it is generally 
believed that high compressive stress leads to a higher hardness [66,67].

In addition, it is known that the substrate bias affects the mobility of 
metallic atoms during the coating deposition. This can result in a 
nonuniform local distribution of Ti and Al in the coatings, as reported in 
[57]. Although such micro-segregation is hardly detectable by XRD, it 
can contribute to the formation of local microstrains and consequently, 
to an enhancement in hardness. Note the apparent differences in the 
expected [Ti]/([Ti] + [Al]) ratios based on the Vegard dependence 
(Fig. 8) and as determined by EDS (Fig. 6), suggesting that a presence of 
low amounts of Ti-rich or Al-rich phases not detected by XRD is possible.

Fig. 10c and d shows the H/Er and H3/E2 ratios which have 
frequently been reported to control the elastic strain to failure and 
resistance to plastic deformation, respectively [68], and can be consid
ered as indicators of fracture toughness (will be further discussed in 
Section 3.6) [69], tribological behavior [70], or erosion performance 
[68]. As can be seen, the substrate bias results in significantly increased 
both H/Er and H3/E2 ratios, which can be mainly related to the 
enhancement of hardness shown. Therefore, in the case of the TiAlN 
coatings produced with substrate biasing, enhanced toughness, and 

hence improved tribological and erosion performance, can be expected.

3.5. Residual stress and grain size

In the previous part (Section 3.4), we mentioned that one of the main 
effects on the mechanical properties arises from the residual stress; this 
is now demonstrated Fig. 11 together with the average grain size. At all 
substrate temperatures and with no substrate bias (floating potential), 
the average residual stress in the TiAlN coatings is compressive and low, 
approximately − 1 GPa, and the average crystallite size is in the range of 
15–20 nm.

Substrate biasing leads to a substantial increase in the compressive 
stress up to − 5.6 GPa (corresponding to the maximum hardness of 30 
GPa in Fig. 10b) at room temperature, and also to a grain refinement 
(average grain size of approximately 9 nm). This reduction in the crys
tallite size can be related to the incorporation of inert gas atoms and an 
increasing number of surface defects generated by the ion bombardment 
giving rise to an increased number of preferential nucleation sites [71], 
but also limiting the migration of grain boundaries [72]. Consequently, 
smaller grains are formed during the film growth. With increasing 
substrate temperature, the compressive stress in the coatings is signifi
cantly reduced (− 2.3 GPa), while the average crystallite size remains 
stable.

These results suggest that it is possible to prepare TiAlN coatings 
with a high hardness at levels of residual stress optimized for specific 
applications.

3.6. Nanoindentation toughness

SEM images of cracks induced by nanoindentation and used for the 
calculation of nanoindentation toughness of the TiAlN coatings are 
presented in Fig. 12. As can be seen in Fig. 12c, in the case of TiAlN 
coating produced at 400 ◦C and no bias, the generated cracks were not 
along the radial directions, and therefore, it was not possible to calculate 
the nanoindentation toughness for this sample.

The resulting nanoindentation toughness of the TiAlN coatings is 
presented in Fig. 13 as a function of compressive stress. This dependence 
can be well fitted by a straight line indicated in the graph, and thus, the 

Fig. 10. Mechanical properties (hardness, H, and reduced Young’s modulus, Er) and H/Er and H3/E2 ratios of TiAlN coatings prepared by rotating cylindrical LDMS 
at various substrate temperatures and at a floating potential (a, c), or when using a substrate bias of about − 100 V (b, d).
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relationship between the toughness and residual stress can be declared 
linear, i.e., coatings with higher compressive stress possess higher 
nanoindentation toughness. Such dependence compares well with our 
expectations as the compressive stress is known to hinder (or at least 
reduce) crack initiation and propagation, and thus, to enhance the 
toughness. In addition, factors like grain refinement (shown in Fig. 11b) 

resulting in more complicated grain boundaries, and densification 
(Fig. 9d–f) also contribute to an increase in energy consumed by 
allowing crack propagation, and thus, to an enhanced toughness [73]. 
Similar relationship between residual stress and toughness presented 
here, has been also reported by other authors, e.g. for TiN coatings [74] 
or CrAlN coatings [75].

On the other hand, it should be pointed out that the levels of 
compressive stress to enhance coatings toughness need to be optimized, 
since excessive residual stresses can be detrimental, causing micro- 
cracks in the coating, poor adhesion or even delamination.

The toughness values determined here from indentation experiments 
are in the range between 1.1 MPa⋅m1/2 (σ = − 0.9 GPa) up to 5.1 
MPa⋅m1/2 (σ = − 5.6 GPa). For comparison, Kc values reported in the 
literature for TiAlN coatings are around 1.1 MPa⋅m1/2 (in [76,77] based 
on nanoindentation tests) or 2.5 to 4 MPa⋅m1/2 (in [78,79] determined 
by bending tests).

Fig. 11. Average residual stress, σ, and average crystallite size, d, of TiAlN 
coatings prepared by rotating cylindrical LDMS at various substrate tempera
tures and at a) a floating potential, and b) at a substrate bias of about − 100 V.

Fig. 12. SEM images of cube-corner pyramidal indents demonstrating crack propagation for the TiAlN coatings prepared by rotating cylindrical LDMS at various 
substrate temperatures and at a floating potential (a, b, c) and while using substrate bias (d, e, f).

Fig. 13. Nanoindentation toughness of TiAlN coatings prepared by rotating 
cylindrical LDMS at various substrate temperatures and bias conditions as a 
function of residual stress.
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4. Conclusions

In the present work, we assess the use of cylindrical magnetron 
sputtering (CMS) in low duty cycle pulsed dc magnetron sputtering 
(LDMS) mode, equipped with a power supply providing a positive kick, 
for the fabrication of hard TiAlN coatings. We show that the deposition 
rate in the CMS system in the LDMS mode is only 15 % lower than in the 
conventional pulsed dc mode, but it is significantly higher (>8×) than 
HiPIMS deposition using planar magnetrons at comparable power den
sity (in our previous work [40]).

We then investigate the impact of substrate heating and biasing on 
the composition, microstructure and properties of the TiAlN coatings, 
with a particular emphasis on the residual stress and the nano
indentation toughness, as critical factors influencing the performance of 
protective coatings. It is shown that both substrate bias and substrate 
heating can be effectively used to tune the elasto-plastic properties, re
sidual stress and roughness of the coatings and to optimize them based 
on the specific application. Using a substrate bias of about − 100 V 
provides TiAlN coatings with a dense compact morphology, high hard
ness (28–30 GPa), fine crystallite size (~9 nm) and a smooth surface for 
all substrate temperatures (from room up to 400 ◦C). Furthermore, the 
level of compressive stress in the coatings can be selectively reduced by 
nearly 60 % by increasing substrate temperature from − 5.6 GPa to − 2.3 
GPa at room temperature and 400 ◦C, respectively.

Based on detailed micromechanical measurements, we found a linear 
relationship between the residual stress in the TiAlN coatings and their 
nanoindentation toughness (ranging from 1.1 MPa⋅m1/2 to 5.1 MPa⋅m1/ 

2), which describes the ability of a material to resist crack growth, and 
thus, is considered to be one of the most important parameters influ
encing tribological and erosion performance. This creates a solid basis 
for future investigations of the effect of growth conditions on the stress 
depth profiles and their optimization for advanced coating architectures 
that would mitigate the loading stress in different situations.

In summary, the obtained results confirm that CMS is an attractive 
technique for both optical and protective coating applications. When 
run in the LDMS mode, this approach offers new opportunities to opti
mize the process and enhance coating performance. We demonstrate 
that a high deposition rate can be achieved to produce high-quality 
protective coatings with tunable properties. TiAlN coatings produced 
with substrate bias exhibit high hardness, increased compressive stress, 
as well as H/Er and H3/E2 ratios, which are shown to be indicators of an 
enhanced toughness. Moreover, substrate heating can be used to 
significantly reduce the compressive stress in the coatings, which also 
strongly affects their nanoindentation toughness.

The performance of the optimized TiAlN coatings, including scratch 
end erosion resistance will be further investigated in conjunction with 
various advanced coating architectures, and the results will be published 
in a separate paper.
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