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Abstract

Multilayered TiAIN/CrN as well as monolayered CrN and TiAIN coatings were synthesized by cathodic arc evaporation with plasma
enhanced duct equipment, using Cr and TisoAlsq alloy cathodes. Optical emission spectra including atomic and ionized Ti, atomic Al and Cr,
excited and ionized nitrogen (N,, N3, and N§+) revealed that excitation, ionization and charge transfer reactions of the Ti— Al-N and Cr—N
plasma occurred during the multilayered TiAIN/CrN coating process. The preferred orientation was changed from (200) in CrN and TiAIN
monolayered coatings to (111) plane in the multilayered TiAIN/CrN coatings. The multilayered TiAIN/CrN films had smaller crystallite size
than the monolayered CrN and TiAIN films. The multilayered TiAIN/CrN coating with periodic thickness of 18 nm exhibited the highest H°/
E*? ratio value of 0.193 GPa, indicating the best resistance to plastic deformation, among the studied CrN, TiAIN and multilayered TIAIN/
CrN coatings. The multilayered TiAIN/CrN coatings also showed the best adhesion strength during scratch tests. It has been found that the

structural and mechanical properties of the films were correlated with the multiple cathode design and nanolayer thickness.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Industrial applications of the single layer and multilayer
TiAIN coatings synthesized by physical vapor deposition
(PVD) are increasing rapidly due to its advanced tribological
properties, high temperature oxidation resistance [1,2]. Such
coatings can be produced by different PVD techniques, such
as magnetron sputtering and cathodic arc evaporation [3.4].
The cathodic arc ion plating process for the deposition of
hard coatings is well known for high ionization in the plasma
and allows the deposition of dense coatings. The incorpo-
ration of aluminum in the cubic fcc TiN structure leads to
enhanced thermal stability of the coating [5]. Previous
studies revealed that the oxidation resistance of the TiAIN
coating for dry cutting applications can be improved by the
incorporation of chromium to form Cr-based nitrides which
are known for their excellent corrosion and tooling perform-
ance [6,7]. This improved high temperature oxidation
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resistance results in the outperformance of the TiAICrN-
coated cutting tools over the TiAlN-coated cutting tools
[2,8]. The periodic thickness and chromium content may
influence the microstructure and mechanical properties of the
multilayered and nanocomposite TiAICrN coatings [8,9].
In the present study, a cathodic arc ion plating process
with chromium and TisyAls, alloy cathodes was used for the
deposition of CrN, TiAIN, and multilayered TiAIN/CrN
coatings. The multilayered TiAIN/CtN coatings in nano-
scale periodic thickness were synthesized by rotation of the
substrate and use of multi-target geometry. The effects of
periodic layer thickness on the microstructure and mechan-
ical properties (hardness, elastic modulus, and adhesion
strength) of multilayered TiAIN/CrN coatings were studied.

2. Experimental details

CrN, TiAIN, and multilayered TiAIN/CrN coatings were
deposited on polished silicon and SKH-51 tool steels (HRc
62) by using a cathodic arc evaporation system. A schematic
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figure of the deposition system is illustrated in Fig. 1. Ar
and reactive gas (N,) were introduced through a conducting
duct around the target to enhance the reaction of the plasma.
Emission spectra of the plasma in front of the TiAl and Cr
cathodes were recorded in the range from 300 nm to 500 nm
using an in-situ optical emission spectrometer (OES,
SD2048DL Spectrograph) equipped with a SpectraView
application software Version 2.44. A fiber-optic cable,
positioned at a distance of 80 mm from the cathode surface,
was used for light collection. The optical system employed a
2048 element CCD arrays to obtain a spectral resolution less
than 1 nm. The samples were mounted on the rotational
substrate holder for the deposition of the CrN, TiAIN, and
multilayered TiAIN/CrN coatings. Chromium and Ti/Al (50/
50 at.%) alloy targets were arranged on opposite sides of the
chamber to deposit the multilayered TiAIN/CrN coatings.
The experimental parameters of the deposition process are
shown in Table 1. The temperature of the sample during the
deposition was measured by a thermocouple located near
the sample. The CrN, TiAIN, and multilayered TiAIN/CrN
films were deposited at a N, pressure of 2.5 Pa and substrate
bias voltage of —80 V. For the deposition of multilayered
TiAIN/CrN films, CrN was deposited as an interlayer. The
periodic thickness of the multilayered TiAIN/CrN coating
was controlled by the rotational speed of the substrate
holder at 2 rpm and 5 rpm.

The deposited multilayered TiAIN/CrN coatings were
examined in a Joel JSM-6700F high resolution field
emission scanning electron microscope equipped with
secondary electron imaging (SEI) and backscattered elec-
tron imaging (BEI) detectors. It was operated at an
accelerating voltage of 5 kV, and a working distance of 8
mm. Chemical composition of the deposited films was
evaluated by Auger Electron Spectroscopy (AES) analyses.
It was performed with 3 kV Ar ions to sputter the oxide layer
and reveal the chemical composition of the deposited
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Table 1

Operating parameters of CrN, TiAIN, and multilayered TiAIN/CrN coatings

Parameters Values

Base pressure (Pa) 1.0x10°3

Reactive gas pressure (Pa) 2.5 (Ny)

Deposition time (min) 40

Distance of cathode to substrate (mm) 180

CAE target Cr, TispAlsg
(100 mm in diameter)

Cathode current (A) 80

Bias voltage at ion cleaning stage (V) —1000

Bias voltage at coating stage (V) —80

Substrate temperature (°C) 200-250

Rotational speed of the substrate (rpm) Monolayered CrN and
TiAIN: 5 rpm
Multilayered TiAIN/CrN:
2 and 5 rpm

coating. Glancing angle X-ray diffractometer (Philips X pert
Pro) with a high resolution ¥ goniometer and Cu radiation
was employed for phase identification and residual stress
analysis. The diffractometer was operated at 40 kV and 30
mA with a glancing angle of 2°. The residual stresses of the
deposited coatings were calculated from the sin®) method
[10]. According to Williamson—Hall plot method [11-13],
contribution of crystallite size and lattice strain to the
diffraction line broadening can be calculated through the
following two equations:

Buxi = (Bcos®) /4 (1)

Bua = (1/D) + (4¢/2)sin® (2)

The integral breadth, f,;; (expressed in a reciprocal
space unit) is related to the integral breadth of the physical
broadening, ff;, which was measured on a 2@ scale. O is
the Bragg’s angle of an X-ray reflection. 1 is the wavelength
of X-ray radiation (0.154 nm). D and e are the crystallite
size and lattice strain, respectively. Hardness and Young’s
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Fig. 1. Schematic diagram of the cathodic arc deposition system.
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modulus of the films were obtained using XP-MTS nano-
indentation with a Berkovich indenter, under load—unload-
ing condition, and measured as a function of indenter
displacement using continuous stiffness measurement
method. The maximum penetration depth is controlled at
250 nm. The scratch test and ball-cratering technique were
employed to characterize the adhesion strength and failure
modes of the deposited coatings. The scratching speed of
the indenter was 10 mm/min with a loading rate of 100 N/
min from 10 to 80 N. The scratch critical load (L) of the
coating was determined by visual observation using an
optical microscope. It was defined as the point at which
coating delamination or chipping was first observed, either
in or at the edge of the scratch track. The ball crater was
ground over the scratch track at scratch load of 55 N of the
multilayered TiAIN/CrN coatings to reveal the failure mode
of the coating [14,15].

3. Results and discussion

3.1. Emission spectra of the cathodic arc plasma during the
TiAIN/CrN deposition process

Representative Ti—Al-N, and Cr—N, emission spectra
obtained from the TiAIN/CrN deposition process at arc
current of 80 A and bias voltage of —100 V are shown in
Fig. 2. The main features of the optical spectra emitted from
the plasma, including atomic and ionized Ti, atomic Al and
Cr, excited and ionized nitrogen (N, N3, and N3") are
monitored. In the experiment, titanium appeared in the form
of Ti" ions and excited Ti atoms, while aluminum and
chromium appeared as excited Al and Cr atoms. The
gaseous component of the generated plasma appeared as
both excited and ionized nitrogen when nitrogen gas was
introduced. The emission lines of excited and ionized
titanium (Ti and Ti") as well as nitrogen bands (N,, N3,
and N7") indicate the existence of excitation, ionization and
charge transfer collisions between titanium ions and neutral
nitrogen molecules. Excitation and ionization of the plasma
occur to a large extent as a result of collisions between
electrons and heavy particles due to the high intensities of
the nitrogen bands (N,, N3, and N3") [16,17]. Periodic
TiAIN and CrN were deposited on the substrate depending
on the substrate rotation during the multilayered TiAIN/CtN
coating process.

3.2. Microstructure analysis

From the AES analyses, the composition of the CrN
coating deposited from the Cr cathode materials was 58.0
at.% of Cr, 41.5 at.% of N, and 0.5 at.% of oxygen. The
composition of the TiAIN coating deposited from the
TisoAlsy alloy was 32.3 at.% of Ti, 23.8 at.% of Al, 43.1
at.% of N, and 0.8 at.% of oxygen. An atomic ratio of Al/
(Ti+ Al in the TiAIN film was reduced to 0.42 compared
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Fig. 2. Optical emission spectra of the cathodic arc plasma obtained in front
of the (a) TiAl and (b) Cr cathodes ranging from 330 to 430 nm during the
deposition of the multilayered TiAIN/CrN coating.

with the TisgAlso cathode material. It can be related to the
lower atomic mass of Al that suffers higher scattering in
the collisions with nitrogen, and leads to a lower volume
density in the vapor [18,19]. Typical X-ray diffraction
spectra from the CrN, TiAIN, and multilayered TiAIN/
CrN coatings deposited at 2 rpm (TiAIN/CrN-2 rpm) and
5 rpm (TiAIN/CrN-5 rpm) of rotational speeds are shown
in Fig. 3. The result revealed that the monolayered CrN
and TiAIN displayed a preferred (200) orientation parallel
to the substrate surface. The multilayered TiAIN/CrN
coatings also exhibited the B1-NaCl crystal structure.
However, the preferred orientation was changed from
(200) in CrN and TiAIN to (111) plane in the TiAIN/CrN
coatings. The peak positions represented the weighted
mean of the individual reflections from the TiAIN and
CrN phases. The (200) diffraction peak was asymmetric
because of the presence of TiAIN and CrN components.
Higher fraction of CrN phase in (200) plane was found in
the TiAIN/CrN coating deposited at lower rotational speed
of 2 rpm. This indicated that the CrN component of the
film would influence the development of the {200}
texture in the multilayered TiAIN/CrN coatings deposited
at different rotational speed of substrate. It also revealed a
competitive growth between CrN and TiAIN in multi-
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Fig. 3. X-ray diffraction spectra of the CrN and TiAIN coatings (a), and
multilayered TiAIN/CrN coatings deposited at 2 and 5 rpm (b).

layered TiAIN/CrN coatings at different rotational speed
of substrate.

Cross-sectional secondary and backscattered SEM
micrographs showing the structure of the TiAIN/CrN
multilayered coatings deposited at 2 rpm and 5 rpm
rotational speeds are shown in Fig. 4. The film thickness
was 1.8 um, and the deposition rate was about 0.045 pm/
min. The coating had a dense columnar structure typical of
the zone T according to the zone classification proposed by
Thornton [20]. This structure resulted from the ion-induced
defects, such as point defect clusters and small dislocation
loops being trapped in the film and hence leading to a
continuous re-nucleation of new grains during growth that
disrupted the columnar microstructure. Cross-sectional SEM
micrograph of the multilayer obtained with backscattered
electron detector emphasized the dissimilarity between CrN
and TiAIN. CrN produced more backscattered electrons, and
was displayed as layers with brighter contrast. The multi-
layer coating revealed a stacking of CrN and TiAIN layers.
This coating consisted of a CrN interfacial layer and a

periodic structure of superlattice TiAIN/CrN layers. The
backscattered electron image revealed the periodic thickness
of 18 nm and 7 nm in the multilayered TiAIN/CrN coatings
deposited at 2 and 5 rpm, respectively. The distinct
multilayered structure can be found in the TiAIN/CrN
deposited at rotational speed of 2 rpm, as shown in Fig. 4(a).
However, the layered microstructure of TiAIN/CrN depos-
ited at 5 rpm, as shown in Fig. 4(b), was not as clear as that
shown in Fig. 4(a). The interface between the TiAIN and
CrN was not sharp because of the interlayer diffusion.

The crystallite size and lattice strain of the deposited
films calculated from the Williamson—Hall plot are shown
in Table 2. The crystallite size of monolayered CrN and
TiAIN is 48 nm and 41 nm, respectively. The multilayered
TiAIN/CrN films had smaller crystallite size than the
monolayered CrN and TiAIN films. The multilayered
TiAIN/CtN coating deposited at 2 rpm possessed the
smallest crystallite size of 31 nm among the deposited
coatings. The smaller crystallite size was controlled by the
interface phenomena [21]. Substrate rotation during the film
production was used to control the time that the substrate is
under ion bombardment from different cathodes (Cr and
TiAl). Thus, the film growth is interrupted by each layer. In
this manner, nanolayers can be obtained with different
mechanical properties, which may enhance the film hard-
ness. However, the crystallite size in the multilayered
coating deposited at 5 rpm should be smaller than that in
the coating deposited at 2 rpm. The larger crystallite size in
the multilayered coating deposited at 5 rpm is probably due
to the broad interfaces induced by interlayer diffusion
during the cathodic arc deposition process. The value of
lattice strain was larger in multilayered TiAIN/CrN coatings
than in CrN and TiAIN coatings. It indicates a larger
structural anisotropy at the atomic level in TiAIN/CrN
multilayered layers, probably connected with the nano-scale
multilayered columnar texture.

3.3. Mechanical properties

Hardness and elastic modulus of the CrN, TiAIN, and
multilayered TiAIN/CrN coatings deposited on SKH-51 tool
steels were measured as a function of indenter displacement
using continuous stiffness measurement method, as shown in
Table 2. The hardness values shown in Table 2 correspond to
the indentation depth of approximately 0.2—0.3 pm, where
the influence of the substrate is negligible. The hardness of
the CrN and TiAIN is 24 and 31 GPa, respectively. The
multilayered TiAIN/CrN coatings exhibited a higher hard-
ness of 36-37 GPa. The presence of the nanolayered
structure of the TiAIN/CrN coatings can increase the
hardness based on the dislocation blocking by layer
interfaces and Hall-Petch effect [9,21-25]. In order to
increase the resistance to plastic deformation, it is desirable
to obtain materials that possess high hardness but lower
elastic modulus values. This behavior is then well expressed
by the H*/E*? ratio, where H and E* are the hardness and
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Fig. 4. Cross-sectional secondary and backscattered SEM micrographs showing the structure of the TIAIN/CrN multilayered coatings deposited at 2 rpm (a) and

5 rpm (b).

effective modulus of the coating. E* could be further
expressed as E*=E/(1 —v?), where E is the Young’s
modulus, and v is the Poisson ratio (~0.25) [26—28]. With
higher H and lower E*, the plastic deformation is lower,
because the external load is distributed over a larger area and
the stress distribution is more uniform. The multilayered
TiAIN/CrN coatings exhibited higher H>/E*? ratio than that

Table 2

Crystallite size, lattice strain, hardness, elastic modulus, H3/E*2, residual
stress, and critical load of the CrN, TiAIN, and multilayered TiAIN/CrN
coatings deposited on SKH-51 tool steels

Coatings CrN TiAIN TiAIN/CrN-5 TiAIN/CrN-2
rpm rpm

Crystallite size (nm) 48 41 38 31

Lattice strain (nm) 43 x 107> 43 %1072 49x107% 57x1073

Elastic modulus 290 570 520 480

(GPa)

Hardness (GPa) 24 31 36 37

H*/E** (GPa) 0.144 0.081 0.152 0.193

Residual stress (GPa) —6.6 —54 —11.2 —10.1

Critical load (N) 45 35 46 50

of CrN (0.114) and TiAIN (0.081) coatings. The H>/E*? ratio
showed the highest value of 0.193 GPa for the TiAIN/CrN
multilayered coating deposited at 2 rpm among the studied
coatings. The H*/E*? ratio was enhanced by the interface
contribution of the multilayered TiAIN/CrN. This provides
higher resistance to plastic deformation of the multilayered
TiAIN/CrN with periodic thickness of 18 nm.

The residual stresses of the CrN, TiAIN, and multi-
layered TiAIN/CrN coatings, which were determined by the
sin®yy method and the measured elastic modulus, are also
revealed in Table 2. The difference in magnitude was related
to the residual stress which composed of an intrinsic
component resulted from the growth process and an
extrinsic component (thermal stress) due to the presence
of different thermal expansion coefficients between the
coating and the substrate. The higher compressive residual
stress was found in the multilayered TiAIN/CrN coating
with higher hardness. The multilayered TiAIN/CrN coating
deposited at 2 rpm with periodic thickness of 18 nm
possessed lower residual stress of —10.1 GPa than TiAIN/
CrN coating (— 11.2 GPa) deposited at 5 rpm with periodic
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Fig. 5. Ball crater on the scratch track at 55 N of the TIAIN/CrN coatings
deposited at 2 rpm (a) and 5 rpm (b). The taper section revealed by the ball
crater shows that the diamond indenter produced plastic deformation of the
substrate. The coating deformed with the substrate and without being
penetrated.

thickness of 7 nm. The stress behavior shows a relaxation
effect of the multilayered TiAIN/CrN coating with larger
periodic thickness of 18 nm.

The scratch test revealed the lowest critical load of 35 N
for the TiAIN coating, as shown in Table 2. Higher critical
load was revealed in the CrN and multilayered TiAIN/CrN
coatings. Higher adhesion strength can be obtained by the
deposition of CrN and multilayered TiAIN/CrN coatings
synthesized by the cathodic arc deposition process which
was used in this study. The multilayered TiAIN/CrN coating
deposited at 2 rpm possessed the highest critical load of 50
N. The failure mode of the TiAIN/CrN coatings deposited
on SKH-51 tool steels was revealed by a ball crater ground
over the scratch track at the scratch load position of 55 N, as
shown in Fig. 5. The taper section revealed by the ball crater
shows that the diamond indenter produced plastic deforma-
tion of the substrate. The coating deformed with the
substrate and without being penetrated. Although some
surface cracks were visible at 55 N load, no crack paths
were found within the TiAIN/CrN layer, at the interface
between TiAIN/CrN layer and CrN layer, and at the
interface with substrate. The ability of the multilayered
TiAIN/CrN coating to deform with the substrate and the

condition of the interfaces without cracking reveals excel-
lent adhesion and toughness of the coating.

4. Conclusions

1. In this study, multilayered TiAIN/CrN and monolayered
CrN, TiAIN coatings were synthesized by cathodic arc
evaporation. Optical emission spectra including atomic
and ionized Ti, atomic Al and Cr, excited and ionized
nitrogen (N, N5, and N3') revealed that excitation,
ionization and charge transfer reactions of the Ti— Al-N,
and Cr—N, plasma occurred during the multilayered
TiAIN/CrN coating process. Periodic thickness of the
multilayered coatings was controlled by the substrate
rotation speed. All of the CrN, TiAIN and multilayered
TiAIN/CrN coatings exhibited the B1-NaCl crystal
structure. Monolayered CrN and TiAIN coatings showed
a preferred (200) orientation parallel to the substrate
surface. In the multilayered TiAIN/CrN coatings, how-
ever, (111) preferential orientation was exhibited. The
competitive growth of CrN and TiAIN in multilayered
TiAIN/CrN coatings resulted in the smallest crystallite
size in the TIAIN/CrN coating with periodic thickness of
18 nm among the studied CrN, TiAIN, and multilayered
TiAIN/CrN coatings.

2. The multilayered TiAIN/CrN coatings possessed higher
hardness of 36—37 GPa than that of the monolayered
CrN (24 GPa) and TiAIN (31 GPa) coatings. The
nanolayered structure of the TiAIN/CrN coatings is
responsible for the hardness enhancement due to the
smaller crystallite size based on the Hall-Petch effect.
The highest H>/E*? ratio of 0.193 GPa, indicating the
best resistance to plastic deformation, was achieved in
the TIAIN/CrN coating deposited at 2 rpm among the
studied coatings. The best adhesion strength was also
obtained in this multilayered TiAIN/CrN coating.
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