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The aim of this work was a comparative investigation of the structure and properties of Al- and Cr-doped
TiSiCN coatings deposited by magnetron sputtering of composite TiAlSiCN and TiCrSiCN targets produced by
self-propagating high-temperature synthesis method. Based on X-ray diffraction, scanning and transmission
electron microscopy, X-ray photoelectron spectroscopy, and Raman spectroscopy data, the Al- and Cr-doped
TiSiCN coatings possessed nanocomposite structures (Ti,Al)(C,N)/a-(Si,C) and (Ti,Cr)(C,N)/a-SiCxNy/a-C with
cubic crystallites embedded in an amorphous matrix. To evaluate the thermal stability and oxidation
resistance, the coatings were annealed either in vacuum at 1000, 1100, 1200, and 1300 °C or in air at 1000 °C
for 1 h. The results obtained show that the hardness of the Al-doped TiSiCN coatings increased from 41 to
46 GPa, reaching maximum at 1000 °C, and then slightly decreased to 38 GPa at 1300 °C. The Cr-doped TiSiCN
coatings demonstrated high thermal stability up to 1100 °C with hardness above 34 GPa. Although both Al-
and Cr-doped TiSiCN coatings possessed improved oxidation resistance up to 1000 °C, the TiAlSiCN coatings
were more oxidation resistant than their TiCrSiCN counterparts. The TiCrSiCN coatings showed better
tribological characteristics both at 25 and 700 °C and superior cutting performance compared with the
TiAlSiCN coatings.
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1. Introduction

Multicomponent coatings based on refractory transition metal
carbides and nitrides attract a lot of attention as protective layers on
the surface of cutting and stamping tools, as well as various
mechanical components working under load-bearing conditions.
Important coating properties for such applications are high hardness,
wear, corrosion, and oxidation resistance, as well as low friction
coefficient values.

The TiCN coatings succeeded the fist commercially available TiN
and TiC coatings, combining the advantages of the high hardness of
TiC and high ductility of TiN [1–3]. Silicon containing coatings are also
increasingly used in surface engineering. Silicon nitride based
ceramics are well known for their superior combination of fracture
toughness and hardness, which are key properties for excellent wear
resistance [4]. One of the most well-known examples of Si-doped
coatings with extremely high hardness, thermal stability, and
oxidation resistance is the nc-TiN/a-Si3N4 coatings developed by
Vepřek et al. [5–7]. The hardness value of the TiSiCN coatings was
found to vary from 25 to 55 GPa [8–12] and the coatings maintained
their high hardness up to 800–850 °C [9,11]. It has been shown that, in
addition to high hardness, the Si-doped TiCN coatings are character-
ized by superior wear, oxidation, and corrosion resistance [8,9]. The
TiSiCN coatings with low friction coefficient values were also reported
[12–15].

High thermal stability and oxidation resistance are critical
properties for protective coatings working at elevated temperatures.
Further improvement in high-temperature properties of multicom-
ponent coatings can be achieved by a proper choice of additional
alloying elements such as Al or Cr [16]. It is known that Al and Cr have
a positive effect on the thermal stability and oxidation resistance of
titanium carbides, borides, and nitrides and improve their wear
resistance, especially at high temperatures [17–19]. For instance, the
Al-doped TiCN and TiCrCN coatings showed superior thermal stability
since their cubic structure was stable in the temperature range of 25–
1200 °C [20]. The Cr incorporation was also shown to significantly
improve the thermal stability, corrosion, and high-temperature
oxidation resistance of TiBN coatings [21].

To the best of our knowledge, Al- and Cr-doped TiSiCN coatings
were not investigated. Thus the aim of this work was a comparative
investigation of the structure and properties of Al- and Cr-doped
TiSiCN coatings deposited by magnetron sputtering of composite
TiAlSiCN and TiCrSiCN targets produced by self-propagating high-
temperature synthesis (SHS) method. In addition, the lifetimes of
cutting tools coated with TiAlSiCN and TiCrSiCN coatings in dry
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milling of D2 steel were compared with those of uncoated tools and
tools coated with TiN reference film.
Fig. 1. Typical SEM cross-sectional fracture micrographs of the as-deposited
(a) TiCrSiCN and (b) TiAlSiCN coatings deposited on Si substrates.
2. Materials and methods

The TiAlSiCN and TiCrSiCN targets were synthesized from various
exothermal mixtures using the combined force SHS-pressing tech-
nology, as described elsewhere [22]. The synthesized targets, 120 mm
in diameter and 6–8 mm thick, were magnetron sputtered in a
gaseous mixture of argon and nitrogen at a nitrogen partial pressure
N2/(N2+Ar) of 14%. The applied magnetron current and voltage were
2 A and 500 V, respectively. During deposition, the total pressure was
maintained at 0.1 Pa, the bias voltage was −50 V, and the substrate
temperature was kept constant at 300 °C (TiCrSiCN coatings).
Preliminary investigations showed that the TiAlSiCN coatings depos-
ited at the substrate temperature below 500 °C had poor mechanical
properties, therefore in the present study the deposition experiments
with TiAlSiCN coatings were fulfilled at 500 °C. Single crystal Si(100),
cemented carbide (WC+6%Co), Ni foil (H-2), and Al2O3 were used as
substrates. All substrates were ultrasonically cleaned in isopropyl
alcohol for 5 min and etched by Ar ions directly in the vacuum
chamber for 5–10 min prior to deposition. To enhance coating
adhesion to substrates, high-energy ion bombardment with average
Ti2+ ion energy of about 70 keV was applied for 10 min at the
beginning of deposition. The accelerating voltage, ion current, and ion
flux were kept constant at 35 kV, 10 mA, and 2×1014 ions cm−2 s−1,
respectively.

The as-deposited coatings were annealed either in vacuum at
1000, 1100, 1200, and 1300 °C or in air at 1000 °C for 1 h. The residual
pressure during vacuum annealing was below 10−3 Pa. The thermal
stability of coatings was evaluated by means of structural investiga-
tion and load-depth-sensing nanoindentation measurements prior to
and after annealing. The elemental depth profiles for the oxidized
films were obtained by glow discharge optical emission spectroscopy
(GDOES) using a PROFILER-2 instrument (Horiba Jobin Yvon).

The structure, elemental and phase composition of coatings were
studied bymeans of X-ray diffraction (XRD), scanning and transmission
electronmicroscopy (SEMand TEM), X-ray photoelectron spectroscopy
(XPS), Raman spectroscopy, and GDOES as described elsewhere [20].
The XRD investigations were performed with coatings deposited on Si
(100), cemented carbide, and alumina substrates. The XRD patterns for
coatings deposited on cemented carbide and alumina substrates were
recorded on a D8 Advance X-ray diffractometer (Bruker) using a CuКα

radiation. In the case of the coatings deposited on Si (100) substrates, a
“Geigerflex” X-ray diffractometer was used with a CoКα radiation. The
microstructure of the coatings was examined by a transmission JEM-
200CX and scanning JSM-6700F electron microscopes (both JEOL,
Japan) operating at 200 kV and 15 kV, respectively. For TEM studies
samples with coatings deposited on 200 μm thick Ni substrates were
prepared from 3-mm disks, ground to a thickness of about 0.05 mm
from the substrate side, and electropolished by a one-side polishing
method using an electrolyte containing H3PO4 and Cr2O3. A Leybold
Heraus ESCALAB 210 spectrometer was used to obtain XPS spectra. The
base pressure in the XPS ion cleaning chamber and analysis chamber
was (2.66–4.0)×10−6 Pa and 1.33×10−7 Pa, respectively. XPS spectra
were recorded after removing surface contaminations by Ar+ ion
etching. The elemental compositions of the as-deposited coatings were
determined using GDOES elemental profiles. A typical set of standard
samples from Horiba Jobin Yvon and TiCN-based coatings with well
known elemental composition obtained by XPS were used for
calibration. The Raman spectrawere excited by a 514 nm laser radiation
and recordedusing a LABRAMHR800 (Horiba JobinYvon) spectrometer
with a resolution of 1 cm−1.

The measurements of hardness, H, and elastic modulus, E, were
performed by load-depth-sensing nanoindentation method using a
Nano Hardness Tester (CSM Instruments) equipped with a Berkovich
diamond indenter tip calibrated against fused silica.

The tribological properties of the coatings deposited on cemented
carbide substrates were evaluated at an ambient temperature of 25 °C
using a pin-on-disk tribometer (CSM Instruments) under a normal
load of 5 N and a sliding speed of 0.1 m/s. A WC+Co ball, 3-mm in
diameter,was chosen as a counterpartmaterial. The high-temperature
tribological experiments were performed for coatings deposited on
Al2O3 substrates at 700 °C using a high-temperature pin-on-disc
tribometer (CSM Instruments). The tests were carried out under a
normal load of 1 N with an Al2O3 ball, 6-mm in diameter, as a
counterpart material.

The milling tests were carried out on a drill-milling machine VF-1
(HAAS, USA) under a rotation speed of 1900 rpm, a feeding rate of
150 mm/min, and an allowance of 0.2 mm. Coated and uncoated
8 mm diameterWC-Co endmills (SGS Tool Co., USA) were used in dry
milling of D2 steel (Cr12MoV, 53 HRC).

3. Results and discussion

3.1. Composition and structure

The SEM fracture cross-sections of the Cr- and Al-doped TiSiCN
coatings are shown in Fig. 1. The TiCrSiCN coating deposited at 300 °C
revealed a fine columnar structure with a column width in the range
of 50–150 nm (Fig. 1a). As revealed by the dark-field (DF) TEM
micrograph, the coatingwas characterized by a crystallite size ranging
from 8 to 20 nm (Fig. 2a). Thus the crystallite size was smaller than
the column width. The average crystallite size determined from the
(111) and (200) XRD peaks at their full width at half maximum
(FWHM) using the Scherrer formula was 4 nm, that is smaller than
the lower limit of particle size range determined from DF TEM.
Therefore additional factors, such as the presence of defects and
inhomogeneous strain, contribute to the peak widths. The TiAlSiCN



Fig. 2. Dark-field TEM micrographs (plan-view) of the (a) TiCrSiCN and (b) TiAlSiCN
coatings.

Fig. 3. XRD patterns of (a) TiAlSiCN and (b) TiCrSiCN coatings. XRD patterns of (a)
TiAlSiCN and (b) TiCrSiCN coatings. The reference marks for the Si substrate and
reference lines for TiC (ICDD card no. 02–1179), and TiN (ICDD card no. 87–0632) are
also shown.
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coating deposited at 500 °C exhibited a two-layer structure (Fig. 1b).
The top layer reveals an extremely dense, homogeneous and
featureless morphology. The underlayer with a columnar structure
observed at the coating/substrate interface was deposited by ion
implantation assisted magnetron sputtering at the very beginning of
deposition process. The formation of intermediate layers at the
coating/substrate interface was previously reported for coatings
deposited by ion implantation assisted magnetron sputtering [23]
and can be attributed to high-energy ion bombardment which
affected the coating growth conditions. When ion implantation is
used, the energy delivered to the coating during its growth increases.
This enhances the surface mobility of adatoms, leading to the
formation of columnar structure. As determined from the DF TEM
micrograph (Fig. 2b), the crystallite size of the TiAlSiCN top layer
ranged from 3 to 15 nm, which agrees well with XRD results, 6 nm.
The thorough structural characterization using XRD (Fig. 3) and
selected area electron diffraction (SAED) patterns (Fig. 2, insets)
identified all the TiCrSiCN and TiAlSiCN coatings as having a cubic B1
NaCl-type structure without any preferential orientation. Note that
the XRD spectra of coatings deposited on Si and WC-Co substrates
were similar.

Additional information about the coating structures can be
obtained by analyzing the corresponding XPS spectra. Typical Ti 2p,
N 1s, C 1s, Si 2p, Cr 2p, and Al 2p XPS spectra of the TiCrSiCN and
TiAlSiCN coatings are presented in Fig. 4a–f. The Ti 2p XPS spectrum of
the TiCrSiCN coating (Fig. 4a) had the main peaks at 455.2 and
461.0 eV, whichmatch the TiC and TiN phases [24,25]. The Ti 2p3/2 and
2p1/2 peaks in Fig. 4a have a broad asymmetrical shape with a low
slope on the high-energy side that can be attributed to an oxidized
TiCNO state [26]. The existence of the Ti\N and Ti\C bonds in the
TiCrSiCN coating is also evident from the presence of characteristic N
1s and C 1s bands at 397 and 281.4 eV, respectively (Fig. 4b and c)
[27]. Moreover, the shoulder of the C 1s peak at higher binding
energies gives evidence for the presence of at least two forms of
carbon: metallic carbonitride (283 eV) [28] and free amorphous or
graphitic carbon (284.5 eV) [29]. The Si 2p spectrum (Fig. 4d) shows a
characteristic band at 101 eV, just between 100.45 eV (SiC phase [30])
and 101.8 eV (Si3N4 phase [27]). The Cr 2p3/2 peak at 574.6 eV (Fig. 4e)
is close to that of chromium carbonitride [28] but considerably
broader due to the presence of Cr in nitride or oxide states [29,31,32].
Summarizing the XPS data, it can be concluded that the TiCrSiCN
coatings consisted of (Ti,Cr)(C,N) as a main phase with a certain
amount of additional phases based on SiCxNy and carbon. Since these
additional phases were not detected by XRD and SEAD techniques,
they are believed to be in amorphous state at the grain boundaries of
the cubic phase.

The Ti 2p and N 1s peaks of the TiAlSiCN coating are shifted by 1
and 1.3 eV, respectively, to lower binding energies from the peak
positions of the TiCrSiCN coating (Fig. 4a and b). In addition, the Al 2p
spectrum of the TiAlSiCN coating (Fig. 4f) shows a characteristic band
at 73.1 eV, which is higher than 72.8 eV for metallic Al 2p but lower
than 74.5 eV for Al 2p in AlN [33]. The observed positions of binding

image of Fig.�2
image of Fig.�3


Fig. 4. XPS spectra of the TiCrSiCN and TiAlSiCN coatings.
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energies may be attributed to the formation of a nonstoichiometric
(Ti,Al)(C,N)x phase. In the Si 2p spectrum of the TiAlSiCN coating
(Fig. 4d), the peak at the binding energy of 100 eV is due to metallic
silicon, which is probably in an amorphous state, or Si-doped DLC,
which has a peak at 100.5 eV [34].
The Raman spectra of the as-deposited coatings are shown in
Fig. 5. The spectrum of the TiCrSiCN coating represents two broad
bands centered at 236 (TA) and 552 cm−1 (TO) which are charac-
teristics of TiN [35] or C-doped TiN [36]. For the TiAlSiCN coating, the
acoustic (TA) peak is shifted to a higher wave-number position at

image of Fig.�4
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Fig. 5. Raman spectra of the (a) TiAlSiCN and (b) TiCrSiCN coatings.
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276 cm−1 (Fig. 5), which is in agreement with the TiCN phase [37].
This indicates a higher carbon content in the TiCN compound of the
TiAlSiCN coating compared with the TiCrSiCN coating. The band
intensity ratio depends on the nitrogen and carbon contents in the
TiCN phase. The first-order scattering was shown to become more
pronounced when the deviation from the stoichiometry was
increased [38]. For both spectra in Fig. 5 the intensity of the acoustic
mode was seen to be higher than that of the optic mode. This is due to
a high density of defects as a result of deficiency of nonmetallic atoms
in the cubic sublattice [35]. Thus in both coatings the cubic phase was
nonstoichiometric, which agrees well with XPS results. The spectra
also show very broad peaks of diamond-like or amorphous carbon
located between 1180 and 1680 cm−1.

Summarizing the XRD, SAED, XPS and Raman spectroscopy data, it
can be concluded that the TiCrSiCN coatings consisted of (Ti,Cr)(C,N)
as a main phase with a certain amount of amorphous SiCxNy and a-C
phases. At the same time, in addition to the main (Ti,Al)(C,N) phase,
the TiAlSiCN coatings contained some amount of the a-(Si,C) phase.
The elemental compositions of the TiCrSiCN and TiAlSiCN coatings
were determined from GDOES analysis and are shown in Table 1. It
can be seen that the elemental and phase compositions of the coatings
are in a good agreement.

3.2. Tribological characteristics

The TiCrSiCN coatings tested at room temperature against a 3 mm
WC+Co ball showed a stable friction coefficient within the range of
Table 1
Compositions of as-deposited coatings.

Coating Target green mixture, wt.% Elemental composition of co

Ti Al

TiAlSiCN Ti+17.3Al+14.3Si3N4+4.5C 31.8 15.1
TiCrSiCN Ti+25.1Cr+11.9Si3N4+7.2C 26.0 –
0.4–0.45 without any initial maximum. The friction coefficient of the
TiAlSiCN coatings displayed an initial maximum of 0.6 followed by a
drop to 0.5 after a short run-in period of 30 m and a further gradual
increase to 0.7 after a 300 m pass. The wear rate of the TiCrSiCN and
TiAlSiCN coatings was 1.5×10−6 and 6.0×10−6 mm3 N−1 m−1,
respectively.

Fig. 6a and b shows the friction coefficients of the TiCrSiCN and
TiAlSiCN coatings deposited on Al2O3 substrates against a 6 mm Al2O3

ball. For Al-doped coatings tested at 25 and 700 °C, the friction
coefficient values in the range of 0.9–1.0 were recorded. The wear
mechanism changed from abrasive to adhesion wear with increasing
temperature from 25 to 700 °C (Fig. 6c, curves 3 and 4). As shown
below, the TiAlSiCN coatings had a very high oxidation resistance,
which is why the intensive oxidation of the coatings during the
tribological test at 700 °Cwas not expected. As a result, thewear rate of
the TiAlSiCN coatings decreased from 5.5×10−5 to 2.5×10−5 mm3

N−1 m−1 whereas that of the Al2O3 ball increased form 0.6×10−6 to
9.5×10−6 mm3 N−1 m−1. For the Cr-doped coatings, the steady-state
friction coefficient value increased from 0.45 to 0.8 when the test
temperature was raised from 25 to 700 °C (Fig. 6a and b). The analysis
of the wear tracks indicated that the TiCrSiCN coatings exhibited
adhesive wear independent on the environment temperature
(Fig. 6c, curves 1 and 2). In contrast to the TiAlSiCN coatings, the
wear rates of both the TiCrSiCN coating and Al2O3 ball increased
with temperature from 3.7×10−6 and 0.1×10−6 mm3 N−1 m−1 to
4.3×10−5 and 5.5×10−6 mm3 N−1 m−1, respectively.

3.3. Thermal stability

Fig. 3 compares the XRD patterns of the TiCrSiCN and TiAlSiCN
coatings deposited on Si substrate and annealed in vacuum at 1000 °C
for 1 h with those of the as-deposited coatings. It can be seen that at
the annealing temperature of 1000 °C, the preferential orientation of
the TiCrSiCN coating slightly changed due to the increase of a number
of grains with (111) orientation at the expense of (200) grains and the
crystallite size slightly increased from 4 to 6–7 nm, as determined
from the XRD (111) and (200) peak widths using the Scherrer
formula. In the TiAlSiCN coating the texture changed from (100) to
(111) and the crystallite size increased from 6 to 12 nm (Fig. 3b).

For annealing experiments at 1200 °C, cemented carbide substrates
were used because single crystal Si undergoes phase transformation,
which makes the analysis of XRD patterns complicated. In the case of
the TiCrSiCN coatings, no significant phase changewas observed in the
XRDpattern after heat treatment at 1200 °C for 1 h (Fig. 7) if compared
to patterns in Fig. 3. The (200) and (220) peaks reveal strong
asymmetrical maxima close to the positions of TiC and TiN reference
lines with a shoulder on the high-angle side, suggesting a short-range
redistribution of elements between neighbor phases during annealing
and separation in two cubic phases with different lattice parameters,
which are believed to be Cr-rich and Cr-deficient. During annealing of
the TiAlSiCN coatings at 1200 °C, the phase separation started with a
precipitation of h-AlN phase (Fig. 7). We also observed cobalt droplets
on the surface of the TiAlSiCN coatings due to the diffusion of metal
atoms fromWC-Co substrate into the coating. The precipitation of the
h-AlN phase was often observed in the TiAlCN system at high
temperatures between 800 and 1000 °C [20,39]. In a number of
systems, such as TiAlCN, TiCrAlCN, and TiCrAlSiN, the h-AlN phasewas
ating, at.% Phase composition of
coating

Cr Si C N

– 7.0 19.5 26.6 (Ti,Al)(C,N)x, a-(Si,C)
17.0 7.0 28.0 22.0 (Ti,Cr)(C,N)x, SiCxNy, a-C

image of Fig.�5


Fig. 6. Friction coefficients of the TiCrSiCN and TiAlSiCN coatings as a function of running distance. (a) 25 °C; (b) 700 °C. (c) Profiles of the vertical cross section of the wear tracks:
1 — TiCrSiCN, 25 °C; 2 — TiCrSiCN, 700 °C; 3 — TiAlSiCN, 25 °C; and 4 — TiAlSiCN, 700 °C.
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reported to completely disappearwith further increase in temperature
up to 1200 °C. This phenomenon was not completely understood
because the h-AlN phase is the most stable phase in the ternary TiAlN
system [20,40]. One of the explanations could be the influence of Co
atoms which diffused outward to the surface and changed the
coarsening mechanism. Veprek et al. reported that the precipitation
Fig. 7. XRD patterns of the TiAlSiCN and TiCrSiCN coatings deposited on cemented
carbide substrates after annealing in vacuum at 1200 °C for 1 h. The reference lines for
theWC+Co substrate, AlN (ICDD card No. 79–2497), TiC (ICDD card No. 02–1179), and
TiN (ICDD card No. 87–0632) are also shown.
of the h-AlN phase was not observed in the nc-(Al,Ti)N/a-Si3N4

coatings even after vacuum annealing at 1100 °C due to an immiscible
Si3N4 tissue which covered (Al,Ti)N nanograins [41]. The addition of
siliconwas shown to delay the appearance of h-AlN phase and thereby
improved the thermal stability of the coatings [42]. These results were
also confirmed in the present study. Thus the onset of precipitation and
dissolution of h-AlN phase depends to a great extent on the type of
structure, elemental and phase composition of multicomponent
coatings.

Coatings with a cubic structure usually show good diffusion barrier
properties for metal atom diffusion from the substrate toward the
surface [19]. As was shown above, the TiAlSiCN coatings were not
stable enough at 1200 °C and were subjected to a phase transforma-
tion due to cobalt diffusion. In the case of the TiCrSiCN coatings
subjected to a heat treatment at 1200 °C, we observed neither phase
transformations nor any precipitation of cobalt droplets on the
coating surface, which suggests high diffusion barrier characteristics
of the coatings.

In order to avoid the influence of substrate material on the coating
thermal stability, further experiments were fulfilled with Al2O3

substrates. Fig. 8a compares the shape and position of the (111)
peak of the as-deposited TiCrSiCN coating with those after annealing
in vacuum at 1000 and 1200 °C. For coatings deposited on Al2O3

substrates, several special features should be mentioned. Firstly, the
as-deposited TiCrSiCN coatings showed a strong (111) preferential
orientation while no other peaks from the cubic phase were observed.
The broad asymmetrical shape of the peak observed in the pattern
of the as-deposited TiCrSiCN coating can be explained by the

image of Fig.�7
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annealing in vacuum.

Fig. 9. Hardness of the Al- and Cr-doped TiSiCN coatings as a function of annealing
temperature in vacuum. Values at 25 °C are those for the as-deposited coatings. Lines
are only used as guides to the eye.
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superposition of reflections from (111) planes of two fcc phases with
various compositions, which are probably rich and poor in Cr. This
structure is quite stable because a similar shape of the (111) peak was
observed after annealing at 1000 °C. Secondly, the average grain size,
as determined from the FWHM of the (111) XRD peak, was 15 nm,
which is higher than that of 4 nm for the TiCrSiCN coating deposited
on cemented carbide substrate under similar deposition conditions.
Thirdly, the coating showed a very high thermal stability; the grain
size did not change in the temperature range of 25–1200 °C being of
about 15 nm (Fig. 8a). The shift observed in the position of the (111)
peaks could be attributed to a short-range diffusion and element
redistribution between the neighbor grains without any phase
transformation or grain growth. As a result, the lattice parameter of
the cubic phase decreased from the value of 0.249 nm, typical for TiC,
to 0.244 nm, which is characteristic of TiN.

The XRD patterns for the TiAlSiCN coatings are presented in Fig. 8b.
Upon annealing up to 1000 °C, the grain size remained almost
constant in the range of 9–11 nm whereas the lattice parameter
decreased from 0.247 to 0.245 nm. After heat treatment at 1200 °C,
the lattice parameter further decreased to 0.243 nm and the grain size
increased up to 19 nm. Note that the precipitation of the h-AlN phase,
which has the (100) peak at 2θ=33.2°, was not observed even after
annealing at 1200 °C. Thus the addition of silicon to TiAlCN coatings
postponed the decomposition of fcc phase by 200–400 °C.

Fig. 9 shows the hardness of the TiCrSiCN and TiAlSiCN coatings
deposited on Al2O3 substrates as a function of annealing vacuum
temperature. The TiCrSiCN coatings showed a small decrease in
hardness from 37 to 34 GPa between 25 and 1100 °C. It is in agreement
with the XRD results that no substantial structural changes were
observed after annealingat1000 °Cexcept a slightdecrease in the lattice
parameter. With further increase in temperature up to 1200 °C, the
hardness decreased to 27 GPa being still high enough for many high-
temperature tribological applications. The hardness of the TiAlSiCN
coatings increased from 41 to 46 GPa at 1000 °C, after which it
continuously decreased to 41 GPa at 1200 °C and 37 GPa at 1300 °C.
Thus the TiAlSiCN coatings showed a high hardness over 37 GPa in a
very broad temperature range of 25–1300 °C. This hardness is
considerably higher than 27 GPa reported for the nc-(Al,Ti)N/a-Si3N4

coatings after annealing at 1250 °C [41]. It should be noted that high
values of post-annealing hardness observed for TiAlCN coatings up to
1200 °C were previously reported but they did not exceed 32 GPa [20].
The gradual decrease of hardness for the TiAlSiCN coatings at
temperatures above 1100 °C can be attributed to the small increase in
the grain size.

3.4. Oxidation resistance

The oxidation profiles of the coatings after annealing at 1000 °C for
1 h were determined using GDOES (Fig. 10). The TiAlSiCN and
TiCrSiCN coatings, 2.7 μm thick, were only partly oxidized with
oxidation depths of 0.7 and 1.1 μm, respectively. At somewhat lower
oxidation temperatures, the oxidation depth difference between the
Al- and Cr-doped coatings was lower, being 150 and 220 nm at 800 °C
and 470 and 590 nm at 900 °C, respectively. Fig. 10 also shows that a
titanium oxide film was formed on the outmost surface of the
coatings. The TiO2 film was followed by a thin CrOx (Cr-doped
coating) or Al2O3 (Al-doped coating) layers which protect the
coatings from further oxidation. Note that in the case of the TiAlSiCN
coatings, the oxidation structure was more complicated. The
formation of the TiOx and SiC layers was observed just beneath the
alumina film (Fig. 10b). It should be also mentioned that, among other
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Fig. 10. GDOES depth profiles of the (a) TiCrSiCN and (b) TiAlSiCN coatings after
oxidation in air at 1000 °C for 1 h.
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Fig. 11. Comparison of lifetime of coated and uncoated tools in dry milling operations.
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parameters, the oxidation of the coatings is controlled by micropo-
rosity, which is somewhat higher for the TiCrSiCN coatings due to a
columnar structure.

3.5. Cutting tests

Comparison of lifetimes of coated and uncoated 8 mm diameter
WC-Co end mills (SGS Tool Company, USA) in dry milling of high-
chromium steel (X12BF brand mark, 52–53 HRC) is shown in Fig. 11.
The performance of the TiAlSiCN and TiCrSiCN coatings was compared
with that of uncoated tools and tools coated with TiN, TiAlCN, and
TiCrAlCN films [20]. It can be seen that the TiCrSiCN coatings
demonstrate superior cutting performance. The lifetimes of end
mills with TiCrSiCN coatings were three times longer compared to
their counterparts with TiAlCN and TiAlSiCN coatings. This superior
cutting performance of the Cr-doped coatings can be attributed to
lower values of friction coefficient both at ambient and elevated
temperatures compared with Al-doped coatings.

Based on the literature data, high hardness and oxidation
resistance are the key properties for durable tools with long lifetime.
For instance, the superior performance of the TiCrAlN coatings
compared with TiAlN coatings was attributed to their increased
hardness and oxidation resistance [43]. Fox-Rabinovich and co-
workers [44] reported that the TiAlCrN coatings with the best
oxidation stability at elevated temperatures had the longest cutting
tool life. The coating friction coefficient is another important
parameter. Low friction coefficient implies both decreased friction
between the tool and chip in dry machining and reduced tendency to
sticking and material pick up from the counterpart material, which
leads to the extended service life of cutting tools. The latter statement
is supported by a number of studies. The superiormilling performance
of the TiAlCN coatings compared to the CrAlCN coatings was
attributed to its better mechanical (high hardness) and tribological
(low friction) properties [20]. Imamura et al. [45] also reported that
the TiSiCN coatings outperformed the TiAlN and TiSiN coatings in
milling tests due to their better tribological properties. The hardness
of the TiAlSiCN coatings reported in the present work is higher
comparedwith that of the TiCrSiCN coatings and the difference is even
larger at high temperatures. Both coatings showed only minor
oxidation at 800 °C. Since the operating temperatures during our
milling experiments did not appear to exceed 800 °C, both TiAlSiCN
and TiAlSiCN coatings had sufficiently high hardness and oxidation
resistance for good cutting performance under such circumstances.
This is in good agreement with the above conclusion that low friction
and wear ensure the superior cutting performance of the Cr-doped
coatings.

4. Summary

The TiAlSiCN and TiCrSiCN coatings were prepared by magnetron
sputtering of composite targets and characterized as hard, wear
resistant materials for high-temperature tribological applications. The
most important results can be summarized as follows.

The TiCrSiCN coatings consisted of (Ti,Cr)(C,N) as a main phase
with a certain amount of amorphous SiCxNy and a-C phases. In the
TiAlSiCN coatings, apart from the (Ti,Al)(C,N) phase, the indications of
amorphous Si and C were observed.

The TiCrSiCN coatings exhibited adhesive wear independent on
the environmental temperature, whereas the wear mechanism of the
TiAlSiCN coatings changed from abrasive to adhesion wear with
increasing temperature from 25 to 700 °C. The tribological properties
of the Cr-doped TiSiCN coatings were superior to the Al-doped TiSiCN
coatings both at 25 and 700 °C.

The TiAlSiCN coatings showed the high hardness above 37 GPa in a
very broad range of temperature from 25 to 1300 °C. The TiCrSiCN
coatings demonstrated the hardness above 34 GPa up to 1100 °C, but
then the hardness dropped to 27 GPa at 1200 °C. The TiAlSiCN
coatings were more oxidation resistant than the TiCrSiCN coatings.
After being exposed to air for 1 h at 1000 °C, the TiCrSiCN and TiAlSiCN
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coatings, both 2.7 μm thick, were only partly oxidized, with oxidation
depths of 0.7 (TiAlSiCN) and 1.1 μm (TiCrSiCN).

The end mills with Cr-doped TiSiCN coatings showed superior dry
cutting performance against a high-chromium steel compared to the
Al-doped TiSiCN coatings and reference TiAlCN and TiAlCrCN coatings.
This can be attributed to their better tribological properties (low
friction and wear).
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