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Abstract

In recent years, nanocomposite coatings have become relevant in different metal-mechanical processes related to the increase
of the tribomechanical properties. Therefore, this research is focused on improving mechanical behavior and wear resistance
of TiSiCN nanocomposite coating with different power applied on the silicon nitride (Si;N,) target by means of magnetron
sputtering r.f. technique and synthesized on HSS (high-speed steel) and oriented silicon (100) substrates. The response of
the nanocomposite coatings to power variation was analyzed by X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), scanning electron microscopy (SEM), transmission electron microscopy (TEM), atomic force microscopy (AFM),
and instrumented nanoindentation. Ball-on-disc and scratch tests were used for tribological characterization. The XRD study
determined an FCC structure with a peak of maximum intensity in the plane (200). XPS analysis showed chemical energies
in the bonds and stoichiometry. By means of the AFM technique, the tendency to decrease the roughness and grain size was
detected, with the increase of the power for the coatings obtained at 500 W. From the nanoindentation test, it was possible
to stablish increases in mechanical properties as the applied power increases; the best performance was obtained for coating
with a 500-W power, where the hardness and elastic modulus were 32 GPa and 301 GPa, respectively. The friction coefficient
in dry environment decreased with increasing applied power (500 W, 0.31), and the critical load produced by adhesive wear
was determined for the TiSiCN nanocomposite coatings for the different applied powers, showing the highest critical load
in the coating with 500 W (62.42 N). Finally, the cutting tests with AIST 1020 steel (workpiece) to assess wear as a function
of the applied power. A comparison of the tribological properties revealed a decrease of flank wear (approximately 37%) for
ASSAB 17 steel burins coated with TiSiCN nanocomposite coatings with 550 W, when compared to uncoated ASSAB 17
steel burins. These results open a great industrial potential in anti-wear applications.
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1 Introduction

The metal-mechanical sector is one of the strategic sectors
worldwide; in most countries, some companies base their
production in the metal transformation sector, specifically
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through physical vapor deposition (PVD) technique and
then followed by increasingly advanced coatings in their
mechanical, chemical, physical, tribological, and electro-
chemical properties until reaching novel properties which
have been found in multilayer coatings (multilayer type) and
nanocomposites, which could reach hardness similar to dia-
mond (100 GPa) [1]. Among the most striking properties of
nanostructured materials (nanocomposites) is the consider-
able increase in hardness, which becomes more evident in
thin layers composed of nanocrystals of carbides or nitrides
immersed in a nanocrystalline or amorphous matrix [5-7].
Taking into account the above, nanocomposite coatings
achieve excellent tribomechanical performance due to the
restriction of the origin and displacement of dislocations;
this movement is blocked by refined grains and spacing
between them, originating incoherent deformations. As the
grain size decreases, the activity of interfaces is increased,
reducing the ductility of the coating and minimizing the
stacking failure energy. Additionally, these coatings are
characterized by increasing the number of restrictions with
a crystalline/amorphous transition across the grain bound-
ary, limiting the formation and crack propagation [7, 8].
Quaternary single-layer coatings based on carbonitrides
and transition metals, such as titanium silicon carbonitride
(TiSiCN), do not have detailed studies of their mechani-
cal and tribological properties. Currently, some studies on
TiSiCN coatings have been reported by techniques such as
reactive arc and cathodic arc with some progress in their
characterization [5, 9-11]. In the literature, there are reports
of the synthesis of TiSiCN material evidencing diverse phys-
ical and mechanical properties, where, for example in the
work of Marchin and Ashrafizadeh [12], the effect of car-
bon addition on tribological performance of TiSiN coatings
produced by cathodic is reported; the work of Johnson et al.
[13] presents a study of the microstructure evolution and age
hardening in (Ti,Si)(C,N) thin films deposited by cathodic
arc evaporation; on the other hand, Lin et al. [14] reported
advances in the development and evaluation of low friction
TiSiCN nanocomposite coatings for piston ring applica-
tions; finally, Thangavel et al. [15] demonstrate in detail the
synthesis and characterization of Ti-Si-C-N nanocomposite
coatings prepared by a filtered vacuum arc method. In this
sense, in all the reported works, it can be evidenced the rela-
tionship between the physical properties and the relationship
between the microstructure of the nanocomposites and the
chemical composition. Therefore, all studies have allowed
extending the knowledge of the quaternary TiSiCN coating
with analysis about some mechanical properties. Taking into
account the last discussion in the present research, the main
goal is to present a deep nanostructural characterization
about the mechanical-tribological behavior with an analysis
of the wear rate of the [nc-TiSiCN]-[a-SiCN] nanocomposite
coating deposited on industrial steel with the variation of
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the applied power on the Si;N, target; thus, the tribological
properties revealed a decrease of flank wear for ASSAB 17
steel burins coated with TiSiCN nanocomposite coatings,
when compared to uncoated ASSAB 17 steel burins. These
results open a great industrial potential in anti-wear applica-
tions, providing an industrial alternative in metal-mechanical
components that require a high performance related to the
increase hardness, elastic modulus, and wear resistance,
among others.

2 Experimental details
2.1 Coating deposition

The coatings were prepared from PVD technique with r.f
source, and different substrates were used such as silicon
(100) wafer and steel HSS. The targets used in this study
were TiC and Si;N, with a purity of 99.9% for both and with
diameters of 10 cm each target located frontally inside the
PVD chamber, purchased from Kurt J. Lesker Company. The
silicon substrates were purchased from Nanolnk Company,
and Ar* gas was obtained from AGA FANO S.A. Company.
The substrates were ultrasonically cleaned in isopropanol
and acetone for 15 min each. To guarantee optimum work-
ing conditions and ensure a low level of contamination, a
background pressure of 2.0x10~° mbar was obtained, thus
ensuring a high vacuum. The metallic substrate used in this
study had a disc-type geometry with a diameter of 1 cm. The
sputtering gas was Art with 50 sccm with a total working
pressure of 5x107° mbar. An unbalanced r.f. bias voltage
was applied, which generated a negative signal fixed at —20
V. During the deposition, a power of 400 W was used for
the TiC target, and for the Si;N, target, the power was varied
from 400, 450, 500 up to 550 W. In this sense, in the cur-
rent work, the power densities were adjusted with values of
5.1 W/em?, 5.7 W/em?, 6.4 W/em?, and 7.0 W/em? for the
growth of the TiSiCN layer; the distance between substrate
and target was 6 cm. Additionally, inside the chamber, a
temperature of 250 °C was preserved. Therefore, the synthe-
sis of the TiSiCN materials was carried out by rotating the
substrates within the co-sputtering process from the plasma
generated from the simultaneous sputtering of the TiC target
and the SiCN target. Finally, the substrate spinning system
maintained a speed of 60 rpm for each deposited coating,
obtaining thicknesses close to 2.0 pm.

2.2 Characterization techniques

The microstructures of the coatings were investigated using
a PANalytical X Pert Pro X-ray diffractometer equipment
with Cu-Ka radiation (4 = 1.5406 A) in the Bragg-Brentano
(6/20) scan mode with high angle segment. The thicknesses
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of the coatings, tribological surfaces, and the flank wear
(VB) were measured using the scanning electron microscopy
(SEM) (JSM 6490LV JEOL), with a magnification interval
between X525 and x24,000. The thicknesses of the coat-
ings were corroborated by profilometry, and the chemical
characterization and the bonding structure were analyzed
by X-ray photoelectron spectroscopy (XPS, SAGE HR 100
(SPECSTM)). The excitation source is monochromatic Al
Ka radiation (hv = 1486.6 eV), and the anode power is
150 W. All spectra are collected at normal emission angle.
The base pressure during spectra acquisition is lower than
1.1x107 Torr (1.5x10~7 Pa). The analyzer pass energy is
set to 20 eV, which results in that the spectrometer energy
resolution determined from the FE cut-off of Ti and Si sam-
plesis 0.38 eV.

The calibration of the binding energy (BE) scale was con-
firmed by examining sputter-cleaned method for Ti-Si-C-N
samples (all in the form of polycrystalline thin films). So
the BE scale referencing based on the C 1s peak of AdC is
part of both ASTM and ISO standards [16—19]; moreover,
the calibration of the binding energy scale was confirmed by
examining sputter-cleaned Au, Ag, and Cu samples accord-
ing to the recommended ISO standards for monochromatic
Al Ko sources that place Au 417/2, Ag 3d5/2, and Cu 2p3/2
peaks at 83.96, 368.21, and 932.62 eV, respectively [20,
21]. In this sense, this method for calibrating instrumental
binding energy scales uses metallic samples of pure copper
(Cu), silver (Ag), and gold (Au) and is applicable to X-ray
photoelectron spectrometers with unmonochromated alu-
minum (Al) or magnesium (Mg) X-rays or monochromated
Al X-rays. It is valid for the binding energy range of O to
1040 eV [21, 22]. Therefore, the binding energy scale for
Ti, Si, and N was confirmed by examining sputter-cleaned
method. For all measurements on sapphire, the charge neu-
tralizer is used. Work function ¢y, measurements by ultra-
violet photoelectron spectroscopy (UPS) are performed in
the same instrument [16, 23, 24]. A local exploration of
the microstructure was carried out through high-resolution
transmission electron microscopy (HR-TEM, FEI Titan3
60-300), an aberration-corrected TEM operated at 300 kV.
For performing TEM experiments, a cross-sectional lamella
was prepared by using a Helios Nanolab 600 dual beam
system. Grain size and roughness were measured on AFM
(Asylum Research MFP-3D®) micrographs by image pro-
cessor (SPIP®) software. The hardness and elastic modulus
and the load discharge curves were determined by a nanoin-
dentation instrument (Ubil-Hystron model) with a variable
load Berkovich diamond indenter. To evaluate the tribologi-
cal behavior of TiSiCN coatings following ASTM G99-17
[14], the ball-on-disc (MT 4001-98 model) wear was used
against hardened steel ball (100Cr6), with a load of 5 N,
sliding distance of 500 m, and angular speed of 160 rpm,
without lubrication. Finally, the load capacity was performed

according to ASTM G171-03 [25, 26]; using a scratching
equipment (Microtest MTR2 model), the scratching length
was 6 mm with a maximum load of 90 N and step of 1.97
mm/min, to determine the critical load for coating failure.

2.3 Materials and methods for TiSiCN coating wear
tests

Wear tests of ASSAB 17 steel burins coated with TiSiCN
nanocomposite coatings were carried out by using AISI
1020 steel as work material to be machined. This AISI
1020 steel is used broadly in high-mechanical performance
pieces, especially in the automotive industry. For experimen-
tal development, this work used a high-speed cutting (HSC)
regime in the cylindrical turning for this coated ASSAB 17
steel machining tool for the burin processes. This technol-
ogy was applied to diminish machining times and improve
surface finish, as well as to permit the elaboration of hard-
ened pieces, even facilitating the development of devices in
a single run in the machine.

The values for the parameters used are shown in Table 1.
In this work, it was selected the high-speed cutting (HSC)
regime defined as machining at high cutting speeds (spindle
speeds) and/or at high feed rates in order to achieve short
machining, or lead times, taking into account the type of
material to be machined (soft or hard machining), cutting
materials, and metal removal rate.

The cutting tool materials were ASSAB 17 steel burins,
because they are high alloyed cobalt high steel speed with
excellent cutting properties, wear resistance, toughness, and
heat resistance. The cutting tool geometry for the ASSAB 17
burin consists of a sharpened cutting part called its point and
the shank, associated to the lateral cutting area tool geometry
which is made up of shank, base, face, flank, heel, nose,
back rake angle, side rake angle, side clearance, wide cut-
ting edge, end cutting edge, and lip angle. To remove a metal
chip from a workpiece, the tools have to cut along at least 2
surfaces: a main cutting edge and an auxiliary cutting edge.
The main cutting edge cuts the main portion of the chip
while the auxiliary cuts the second surface and removes the
material. The tool tip is bounded by the face (along which
the chip slides as they are cut by the tool), the side flank or
major flank the end flank or minor flank and the base. The
cutting tools ASSAB 17 steels were commercially obtained
from Sandvik Coromant® catalogue.

Table 1 Values assigned for the
parameters in the machining
process associated to straight
turning for rough cut

Parameter Description

Cutting speed (Vc) 110 m/min

Feed rate (d) 0.5 mm/rev.
Depth of cut (doc) 0.5 mm
Coolant Dry
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In dry machining processes of carbon steels, it is con-
venient to use HSS cutting tools (ASSAB 17) coated with
hard coatings, e.g. nanocomposite materials because they
are more economical procedures in relation to WC insert.
This economical reduction is associated to the tool value
and the process efficiency which are increased due to the
high surface hardness conferred by the coating generating
low friction coefficients, low work temperatures with heat
dissipation transferred to the chip, and low wear rates on
the tool with better surface finish on the workpiece.

The workpieces were AISI 1020 steels, taking into
account that it is a low carbon steel, easy to machine, and
with good weldability. Due to its carbon content, these
steels are used for the manufacture of structural parts or
medium-strength machinery with a Brinell 260 (HB) or
Vickers hardness of 273.75 (HV10). The geometry of the
workpiece was cylindrical bars with diameters of 25.4 mm
and a length of 2 m.

In order to obtain the cutting length and flank wear
(VB), it was necessary to take into account Eq. (1):

1000.Vc
r.D

N = 1)

where N is the rotational speed (in rpm), Vc is the
cutting speed (in m/min), and D is the diameter of the
machining to be performed (in mm). Therefore, from the
cutting speed (Vc¢), the cutting length was determined such
as is present in Table 1. So this machining methodology
permits the comparison of wear behavior results under
similar working conditions. Finally, for wear measure-
ments of coated ASSAB 17 steel, a SEM was employed to
analyze the flank wear.
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3 Results and discussion
3.1 X-ray diffraction (XRD)

Figure 1a shows X-ray diffraction patterns of TiSiCN coat-
ings obtained at different power values applied to the SisN,
target, which were deposited on silicon substrates with
(100) orientation. This quaternary coating was indexed
with two different files attributed to TiC and Si;N, com-
pounds, respectively, which correspond to the stoichio-
metries of the targets. These diffraction peaks are charac-
teristic to the presence of distinct compounds; the Bragg
peaks located in the (111), (200), (220), (311), and (222)
planes for the angles 36.04°, 41.98°, 60.89°, 72.67°, and 76.
08° are attributed to the TiC compound, which presents an
FCC structure with an Fm3m space group according to the
JCPDF 00-001-2122 index file. The peaks (111), (200), and
(220) are also characteristic of Ti(C, N) phases as reported
by Marchin and Ashrafizadeh [12]. Moreover, the presence
of the Si;N, compound as evidenced by the reflections in
the characteristic planes (101), (301), and (321) for the
angles 33.56°, 52.13°, and 70.11°, respectively, presents a
hexagonal structure with a P63/m space group correspond-
ing to the JCPDF 00-009-0259 index file, a phase related to
this structure as evidenced by several researchers [13-15,
27]. However, it is important to highlight that some authors
have reported some nanocrystalline phases associated with
the TiSiCN composite, which presents a direction (200) of
a cubic TiSiCN embryonic phase coming from the FCC
structure of TiC [12]. Moreover, the TiSiCN cubic crystal
presents a lattice parameter of 4.2791 A and the interpla-
nar distance of dy,, = 2.1395 A, which is different from

Intensity (arb. unit.)

415 420 425 430 435 440

26 ()

41.0

Fig.1 X-ray diffraction patterns for TiSiCN coatings: a diffraction patterns as a function of applied power on the Si;N, target and b intensity
maxima of all layers, for the (200) plane inscribed in a compressive stress region
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the lattice parameter and the interplanar distance values for
the TiC material (ay = 4.6000 A, d 54, = 2.3300 A). Fig-
ure 1b shows the magnification of the maximum intensity
peak corresponding to the 200 plane for all coatings. In
addition, the position of the structure is stress-free (dot-
ted line) according to the international files. These results
showed that the TiSiCN coating deposited with an applied
power of 400 W presents a shift to the right in relation to
the stress-free position; this peak shift is associated to the
presence of compressive residual stresses within the crystal-
line structure during the deposition process, which cause a
distortion of the crystalline structure. Subsequently, with
the increase of the applied power to the Si;N, target at 500
W, a displacement or approach of the peaks of maximum
intensity towards values where the material is stress-free
(dotted line) was evidenced. This behavior is attributed to
a relaxation of the compressive residual stresses within the
crystalline structure. Finally, when increasing from 500 to
550 W, a new displacement of the maximum intensity peak
associated to the increase of the residual stresses caused
by high ion bombardment corresponding to a high power
on the Si;N, target is presented. Thus, it was possible to
determine that the coating deposited with 500 W presents
lower residual stresses, which will directly influence bet-
ter surface and mechanical properties, as corroborated in
Figs. 6 and 9 [26-30].

The influence of the applied power on the residual
stresses are observed in the Fig. 2, showing the relation
of lattice parameter for the coatings obtained as a function
of the applied power; so the lattice parameters were cal-
culated by Eqgs. (2) and (3), respectively, where the values
20 were obtained from the plane of maximum intensity
(200). In addition, the position where the material is

o

stress-free | a, = 4.3102 A ) obtained from the interna-
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Fig.2 Lattice parameter for TiSiCN as a function of applied power

tional index files is indicated. These results showed that
the 500-W coating presented a lattice parameter much
closer to the stress-free position, indicating that this struc-
ture presented a lower amount of residual stresses com-
pared to the other coatings [31-33].
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3.2 X-ray photoelectron spectroscopy (XPS)

In Fig. 3, XPS survey spectra for the TiSiCN coating are
presented in relation to the applied power variation on the
Si;N, target. So, for the XPS analysis, the binding energy
scale was referenced by using the work function method;
in this sense, the literature is possible to find that the C 1s
peak corresponding to C single bond C/C single bond H
bonds of adventitious carbon (AdC), present on a major-
ity of air-exposed samples such as Ti-Si-C-N composite,
is most commonly employed for this purpose, irrespec-
tive of whether samples are electrically conducting or not.
In this research in agreements with the Jesuraj and co-
workers [29, 33, 34], the C 1s peak is closely correlated to
the sample work function, such that the sum is constant,
indicating that the electronic levels of the AdC layer align
to the vacuum level, rather than to the Fermi level as com-
monly assumed. In the current research, this phenomenon
can be understood given that the AdC layer is not an inher-
ent part of the analyzed sample and that the interaction to
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o S  =——TiSiCN 500W =—— TiSiCN 550W
I3 o E g
@ 2
—_ s @ z
Y Il A 2
(%) g
~ F g _ .
> ° %’ 2 4
= @ g
(7)] A =
3 P
s £z z
9 o = 3 T
i 2 _ g
c % © 3 @
B A B
@ = a a By
< a = c T
° £ = ° g = T
L] L]
600 400 200 0

Binding Energy (eV)

Fig.3 XPS spectra for TiSiCN coating with different applied power
on Si;N, target
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the substrate is weak, showing in that a common Fermi
level is not established at the interface. Thus, a straight-
forward complementary measurement enables using the
C 1s peak of AdC present in the Ti-Si-C-N composite, for
the purpose of BE-scale calibration for samples exhibiting
decent electrical conductivity such as is shown in Table 2.
This new practice resolves problems associated with the
conventional method and allows for more reliable bonding
assignments. Taking into account the last discussion, the
work function ¢g, for the carbonitride samples (Ti-Si-C-N)
was 4.85 eV [34-36].

From these spectra, the bonds present in the survey spec-
tra can be analyzed. In this sense, intensity maxima (peaks)
attributed to the signals of O 1s, Ti 2p3/2, N 1s, C 1s, and Si
2p corresponding to the binding energies 532.51 eV, 460.98
eV, 395.41 eV, 284.73 eV, and 100.12 eV, respectively.
Therefore, through XPS spectrums for all the coatings, it
was possible to establish the stoichiometry and the variation
of the elements present as a function of the applied power
as shown in Table 2 [23, 24]. In this sense in Table 2, the
stoichiometric ratio (Ti/Si+N) was evidenced in relation to
constituting TiN ad Si;N, phases. Thus, sense was observed
one reduction of stoichiometric ratio when the Ti content
was decreased and the Si and N contents were increased;
therefore, all TiSiCN coatings were sub-stoichiometric
when the applied power was increased from 400 to 550 W.

For a more detailed study of the bonds present in the
obtained coatings, Fig. 4 shows the high-resolution spec-
tra for the C 1s, N 1s, Si 2p, and Ti 2p3/2 signals with
the respective deconvolutions to determine the internal
signals. Figure 4a shows the high-intensity spectrum for
the C 1s, so in agreements with the Greczynski and co-
workers [23, 34, 35], the chemical state analysis in X-ray
photoelectron spectroscopy (XPS) relies on assigning
well-defined binding energy values to core-level electrons
originating from atoms in particular bonding configura-
tions. Taking into account the above, the signal C(1s)
was fitted by three internal Gaussian functions attrib-
uted to C-Ti, C-Si, and C-N bonds in agreement with the
binding energies 281.52 eV, 282.64 eV, and 285.73 eV,
respectively, as corroborated in the literature [16, 30-32].
The assignment of the BE value for the carbon signal

(C 1s) form Ti-Si-C-N material was performed taking
into account the calibration of the chemical identity of
AdC, due to that a most disturbing consequence of the
BE referencing problems outlined above is the fact that
the reported binding energies for primary core levels of
constituent elements in many technologically relevant
materials exhibit an unacceptably large spread, which
often exceeds the magnitude of related chemical shifts
[16]. Then, the corrected peak position measurements also
show that, independent of material system, EF; of the C
Is peak is closely correlated to the sample work function
@y, such that the sum EFz+®g, is constant, indicating
that the electronic levels of the AdC layer align to the
vacuum level, rather than to the Fermi level as commonly
assumed [37].

Figure 4b presents the high-intensity spectrum that cor-
responds to the N(1s) signal, which was fitted by two Gauss-
ian functions attributed to the N-Ti, N-C, and N-Si bonds
located at the binding energies 395.24 eV, 398.52 eV, and
392.21 eV respectively, as shown in the literature [37-41].

Figure 4c shows the high-intensity spectrum for the Si
2p signal. Therefore, the Si 2p signal was fitted by two
Gaussian signals; the first one was attributed to Si-C bonds
corresponding to Si in nanocrystallites of Ti-Si-C-N with
the corresponding binding energy of 100.12 eV, and the
second one was attributed to Si-C bonds corresponding
to Si in the amorphous phase of the Si-C-N with the cor-
responding binding energy of 98.87 eV as corroborated in
previous studies [32-34]. In this sense, in the Si 2p sig-
nal, it was not fitted with three separate peaks correspond-
ing to Si-Ti, Si-N, and Si-C because it would suggest that
Si atoms exist in three different chemical states. Finally,
Fig. 4d shows the high-intensity spectra for the Ti 2p3/2
signal; this signal was fitted by one Gaussian signal attrib-
uted to Ti-C bonds corresponding to the binding energy of
460.98 eV, according to the literature [38—40]. Therefore,
in the Ti 2p3/2 signal, it was not fitted with three separate
peaks corresponding to Ti-Si, Ti-N, and Ti-C because it
would suggest that Ti atoms exist in three different chemi-
cal states, which did not happen in this case.

Figure 4e presents the high-intensity spectrum that corre-
sponds to the O 1s signal, which was fitted by one Gaussian

Table 2 Work function @, for

. Signal Initial position Work function &g, (eV) Corrected peak posi-  Shift by ®g,
the (TISI,CN) saén ple, corrécted signal (eV) (TiSiCN) sample tion EFB (eV) calibration
peak position E", and shift by %
®SA calibration for the C 1s,

N 1s, Si 2p, Ti 2p3/2, and O 1s Cls 289.58 4.85 284.73 4.85
signals N 1s 400.26 4385 395.41 4385
Si2p 104.97 4.85 100.12 4.85
Ti 2p3/2 485.63 4.85 460.98 4.85
O s 537.36 4.85 532.51 4.85
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Fig.4 XPS high-resolution spectrum for a C 1s, b N 1s, ¢ Si 2p, d Ti 2p3, and O 1s signals
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Table 3 Variation of the atomic content and stoichiometric ratio in ~ function attributed to the O-Ti bonds located at the binding

the TiSiCN coatings in relation to the applied power on Si;N, target energies 532.51 eV, as shown in the literature [38, 39]. So,
Power (W) Atomic content (%) Stoichiometric the presence of oxygen can be attributed to surface contami-
(SizN, target) - S C N ratio (Ti/Si+N)  nation phenomena of the sample and to the coating process-
ing associated with the oxygen present in the sample which
400 025 045 012 0.18  0.39 comes from the oxidation of the Ti target.
450 020 050 013 019 029 Taking into account Fig. 3 and Table 3, Fig. 5 shows
500 0.17 053 009 021 023 a decrease in the intensity of the Ti and C peaks and an
550 0.15 055 007 023 0.19 increase in the Si and N peaks, evidencing a variation of

the species present in the plasma and an increase in the Si
and N content within the TiSiCN coatings. This increase
in the Si and N content is attributed to an increase in the
applied power to the Si;N, target, which causes a higher
intensity and density of the bombardment of Ar* atoms
with a higher kinetic energy to impact the target surface.
Thus, a higher amount of Si and N sputtered particles is
generated, which will be deposited on the surface of the
substrate (HSS steel and silicon). This increase of the
bombardment intensity and a higher amount of sputtered
particles will influence the morphological, mechanical,
and tribological properties as a corroborated in Figs. 8, 10,
and 12, respectively [42]. On the other hand, the presence
of the O 1s signal is attributed to environmental contami-
nation of the coating; some authors such as Li et al [38]
400w 450w soow Ssow have synthesized this quaternary TiSiCN coating by other

Applied power (W) methods obtaining similar bonds to those obtained in this

research [38. 39].

Atomic Content (%)

Fig.5 Atomic content variation in the TiSiCN layers in relation to
the power applied to the Si;N, target

Fig. 6 SEM micrographs of
the cross-section for individual
TiSiCN layers as a function

of applied power: a TiSiCN
(400 W), b TiSiCN (450 W), ¢
TiSiCN (500 W), and d TiSiCN
(550 W)

20kv  X10,000 1um

20kV  X10,000 1um

20kV  X10,000 20kV  X10,000 1pm
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3.3 Scanning electron microscopy by SEM and EDX
study

Figure 6 shows the SEM micrograph of the cross-section of
TiSiCN coatings as a function of the applied power on the
Si3N, target, deposited on silicon substrates. In that sense,
it is important to highlight that the time correction in rela-
tion to the applied power was performed to ensure similar
thicknesses for all coatings. Therefore, in all the SEM micro-
graphs, the approximate thicknesses of 2 + 0.03 pm were
determined. In addition, in the SEM micrographs, a partial
columnar growth could be observed in all the coatings and
that is much more evident for the coatings deposited with
500 W, since this coating presented a lower amount of resid-
ual stresses during the deposition process, which generates a
more ordered growth favoring the columnar growth, causing
a more homogeneous coating with a lower roughness and
smaller grain size, as corroborated previously. On the other
hand, the gray-scale difference for the micrographs is asso-
ciated with a change in elemental composition between the
Si substrate and the quaternary TiSiCN coating. So, for the
TiSiCN coating, a brighter contrast is observed, and for the
silicon substrate, a darker contrast is observed; this change
in pitch occurs due to the electron density of the materials.
Additionally, the partial columnar growth can be attributed

to the elevated ionic attack of Ar4 atoms on the layers that
was applied during the deposition process, thus generating
a highly dense cross-section.

Figure 7 shows a compositional analysis by EDX on the
cross-section of the coating (Fig. 7(a)) in order to differenti-
ate and evidenced between the deposited coating (TiSiCN),
which is corroborated by the EDX spectrum (Fig. 7(b)),
where peaks attributed to Ti, Si, C, and N. And, the EDX
spectrum (Fig. 7(c)) of the substrate, where the presence of
Si (silicon 100) and oxygen is due to a partial oxidation of
the substrate, was evidenced.

3.4 Transmission electron microscopy (TEM)

Figure 8a shows the HR-TEM micrographs of a nanocom-
posite coating recorded in cross-sectional configuration. The
absence of diffraction contrast in much of these HR-TEM
images indicates that the coating is mainly constituted by an
amorphous matrix, which can be associated with the con-
tinuous a-SiCN composite [43, 44]. The formation of a halo
ring in a fast Fourier transformed (FFT) image certifies the
amorphous character of the coating. However, we achieve
detecting small regions that exhibit a noisy diffraction con-
trast due to presence of nanocrystals that should correspond
to the nc-TiSiCN system. According to the HR-TEM image

Counts

Fig.7 Compositional study on the cross-section of TiSiCN coating deposited with 500 W. (a) Cross-sectional SEM, (b) EDX analysis for

TiSiCN coating, and (c) EDX analysis for substrate
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Fig.8 TEM images of the
cross-section for the individual
TiSiCN layer deposited with
500 W: a HRTEM exposing
the nc-TiSiCN crystal and the
amorphous area of the a-SiCN
matrix and b nanocomposite
configuration with nc-TiSiCN
crystals and a-SiCN amorphous
matrix

shown in Fig. 8b, the nc-TiSiCN nanocrystals have an irreg-
ular shape, with an average size of around 6 nm, and they
are dispersed along the amorphous matrix. Thus, the TEM
allowed resolving the expected nanocomposite system and
confirmed quite precisely by the previously designed nomi-
nal configurations (associated with deposition conditions).
The amorphous nature of the coating is linked to the use
of a deposition temperature; due to that, this phenomenon
is attributed to the mobility of the atoms in the plasma on
the surface material, which favors the position of minimum
energy that increases diffusivity and grain size in agreement
with the literature [25-28]. Thus, in the crystalline zone
corresponding to the nanocrystal, the crystalline plane in
the direction (200) can be observed, referring to nc-TiSiCN,
as evidenced by XRD analysis (Fig. 1). Therefore, in the
quaternary phases of the nanocomposite obtained by XRD,
it can be suggested that in the solid solutions, the Ti and
Si atoms are in coordinates (0,0,0); on the other hand, the
C and N are located in coordinates (1/2,1/2,1/2), simulat-
ing a NaCl-type structure. Furthermore, the XRD (200)
peak widened; as a result, a nanograined microstructure is
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produced in solid solution. This research was categorized a
refinement structural system for TiSiCN with the interpla-
nar distance of d (5, = 2.1395 A in agreement with the liter-
ature [25-28], so in the quaternary material, the intensity of
the (200) plane indicates that Wyckoft 4b sites are occupied
by C and N atoms and Wyckoff 4a sites are occupied by Ti
and Si atoms randomly. Moreover, the interface between
the amorphous zone of the matrix and the nanocrystal is
denoted in Fig. 7(b); therefore, the number of nanocrys-
tals and geometric configuration defines the variation of
the mechanical properties such as shown via TEM results.

On the other hand, taking into account the high vac-
uum conditions in the processing of the coatings, it can be
observed from the XPS results that the oxygen (O) content
is very low, but there is presence of this element; therefore,
it is possible that O has been added at the grain bounda-
ries or modified at the stoichiometry of the TiN and Si;N,
phases; however, no strong evidence of significant phase
modification was witnessed in the XRD results. Then, con-
sidering the above, as well as the XPS results, the cross-
sectional EDS results reveal a low oxygen contribution,
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Fig.9 Compositional analysis: a TEM-EDX image, b distribution of the elements present, and ¢ spectrum EDS

which may affect the stoichiometry of the grain bounda-
ries in the nanocomposite, since the grain boundaries are
symmetry breaking zones where O can interact with the
phase and adjust with the amorphous nature of a-SiCN as
observed in the TEM results.

3.4.1 Elemental composition for TEM-EDX analysis

Figure 9 shows the results obtained by TEM-EDX in order
to determine the distribution of elements present in the
coating. Figure 9a shows the surface EDX image of the
coating obtained with 500 W, where a zone (spectrum 1)
was evidenced, in which several spectra were taken for
a statistical analysis of the elements present. Figure 9b
shows a composition map associated to the atomic dis-
tribution of the elements present in the TiSiCN coating,
where different colorations attributed to each of the ele-
ments (Ti, Si, C, and N) were evidenced. Finally, Fig. 9¢c
shows the EDX spectrum obtained, which shows the
presence of peaks corresponding to Ti, Si, C, and N. In
addition, a low-intensity peak corresponding to O was
evidenced, which is associated to the oxidation of the
substrate (silicon 100).

3.5 Surface characterization
3.5.1 Atomic force microscopy

The morphology of the nc-TiSiCN coatings for the different
applied powers was analyzed by AFM. The analyzed area
in Fig. 10 for all samples was 50 pm X 50 pm with a Z scale
around 5 pm, the analyzed coatings were synthesized on
silicon (100) substrates and as a result of the analysis were
obtained images in a non-contact mode in two dimensions,
and based on the micrographs, the results of roughness and
grain size were obtained, supported statistically in the pro-
gram (SPIP®). In the AFM images for the individual layers,
it was possible to determine that all the coatings presented
circular grain morphology with a tendency to reduce as the
power applied to the Si;N, target is increased. On the other
hand, a more homogeneous morphology could be observed
on the nc-TiSiCN layer surface deposited at 500 W about the
other layers. The morphology changes can be explained by
the effect of ion bombardment of Ar+ atoms on the Si;N,
target, which increases the energy of the spacing present in
the plasma, and these spices are directed to the surface of
the substrate with higher energy. In this sense, the surface
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Fig. 10 Atomic force micros-
copy (AFM) images for
individual TiSiCN layers as a
function of the applied power: a
400 W, b 450 W, ¢ 500 W, and
d 550 W

Y: 50 pm

Y: 50 pm

50

Z:5um

i (a) [_ITiSicN

40 [T
351
301
25-
20-
15
10
5.

H

HH
-

Roughness (nm)

450 500 550

Applied Power (W)

400

Z:5um

Y: 50 pm

Y: 50 um

300

[ TisicN
280 -

HH

H
]

N N N N

o N B (2]

o o o o

. . . .
[

Grain Size (nm)

450 500 550
Applied Power (W)

400

Fig. 11 Influence of applied power on the morphology of TiSiCN coatings: a roughness vs. applied power and b grain size vs. applied power

of the layers is modified as an effect of the bombardment,
due to the increase in the atomic energy absorbed on the
substrate, causing nucleation points and causing a decrease
in grain size. However, when applying a power higher than
550 W to the Si;N, target, an increase of roughness and
grain size is observed again, which may be associated to an
excessive energy input corresponding to the re-sputtering
phenomenon [27, 39].

@ Springer

Figure 11a and b present the analysis of roughness and
grain size, respectively, for all coatings as a function of
the power applied to the Si;N, target. In Fig. 11a and b,
it was determined that increasing the applied power from
400 to 500 W presented a decrease of 30.7% and 13.1% for
roughness and grain size, respectively. Subsequently, when
increasing the applied power from 500 to 550 W, an increase
of 5.6% and 2.9% was observed for roughness and grain size,
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respectively. This behavior in the surface properties is attrib-
uted to the residual stresses as shown in Fig. 1b, where it was
possible to determine the residual stresses in comparison to
the other coatings, and by increasing again the applied power
from 500 to 550 W, it was possible to evidence again the
presence of residual stresses within the crystalline structure.
Finally, by means of this superficial analysis, it was deter-
mined that the coating deposited with 500 W presented a
lower amount of residual stresses (Fig. 1b), which generates
a more orderly and regular growth, obtaining a denser struc-
ture and causing a decrease in surface roughness, as well as
a much smaller grain size. Taking into account the above, it
was thus determined that the surface of the TiSiCN coating
deposited with 500 W presents a higher amount of grains in
the analysis area, thus generating a higher grain edge den-
sity, being these grain edges obstacles or impediments to the
movement of dislocations, which may influence the physical
properties of the material. Therefore, these morphological
characteristics affect the mechanical and tribological proper-
ties in the nc-TiSiCN system [45, 46].

3.6 Mechanical properties

The load-depth curves obtained from the nanoindentation
test can be seen in Fig. 12 for the different coatings. Fig-
ure 13 shows the mechanical behavior of the surfaces, evi-
dencing that the TiSiCN coating deposited at 500 W pre-
sents a reduction in depth of 23.5% in relation to the TiSiCN
coating deposited at 400 W, a reduction of 18.9% in relation
to the TiSiCN coting deposited at 450 W, and 12.8% in rela-
tion to the TiSiCN coting deposited at 550 W. This behav-
ior can be explained by properties such as hardness which
increases the resistance of the material to be penetrated.
Therefore, the mechanical properties such as hardness (H)
and elastic modulus (E) were analyzed by the Oliver and
Pharr method presented in Fig. 13a and b, respectively [45].
The increased mechanical properties can be related to mor-
phology, size, and quantity of the nc-TiSiCN nanocrystals
observed by TEM (Fig. 8). In that sense, the nanocrystal
character restricts the dislocation movement, modifying the
amount of the amorphous phase; this phenomenon has been
reported by Wang et al. [41], for the same material deposited
at 500 W [41, 47]. Finally, it was possible to observe the
evolution in the mechanical properties as function of prepa-
ration conditions in the coatings, in agreements of Zheng
and co-workers [48].

Figure 13a and b show the results of hardness (H) and
reduced elastic modulus (E,) for all coatings deposited on
silicon (100) substrate as a function of the applied power
on the Si3N, target. In this research, it could be determined
that the nc-TiSiCN coating deposited at 500 W presents a
higher resistance to be indented compared to nc-TiSiCN
coatings deposited at powers of 400 W, 450 W, and 550

10000
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800091 — 450w (2)
70004 — 500W (3)
— 550W (4)
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Fig. 12 Load-depth curves for individual nc-TiSiCN layers as a func-
tion of applied power

W, respectively. This behavior can be attributed to factors
such as the characteristics of the nc-TiSiCN nanocrystals
observed by TEM (Fig. 8) and a smaller grain size, as
observed in the AFM results (Fig. 11); since it presents a
greater amount of nanocrystals with less irregular morpholo-
gies and greater amount of grain edges, these edges act as
impediments or obstacles to the sliding of the dislocations,
so a greater amount of energy will be required to overcome
these obstacles [25, 40]. In addition, the compressive stress
relief generated during the deposition process when the
applied power was increased can contribute to the increase
of the hardness for the 500 W and such as observed from
X-ray results (Fig. 1b). So, the nc-TiSiCN coating deposited
with 500 W presents better mechanical properties such as
hardness (H) and reduced elastic modulus (E,).

From the nanoindentation results, the resistance to plastic
deformation (H*/E?) and the elastic recovery (R) were deter-
mined as a function of the applied power on the Si;N, target.
The elastic recovery of the coatings was calculated using the
following equation [48, 49]:

5max - (Sp

R=—"2_2 @

5m ax

where J,,,,, is the maximum displacement and Jp, is the resid-
ual displacement. The data for Eq. (4) were taken from the load-
depth curves presented in Fig. 12. Figure 14a and b show the
values obtained for the plastic deformation resistance (HIE?
and elastic recovery (R) for the different coatings, which deter-
mined that the highest plastic deformation resistance (H*/E>)
and elastic recovery (R) were obtained for the nc-TiSiCN coat-
ing deposited at a power of 500 W, which is mainly due to fac-
tors such as the characteristics of the nc-TiSiCN nanocrystals
observed by TEM (Fig. 8) and their mechanical properties such
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Fig. 14 Mechanical properties of the coatings as a function of the applied power on the Si;N, target: a plastic deformation resistance (H*/E?) and

b elastic recovery (%R)

as hardness and reduced elastic modulus, which is analyzed in
Fig. 13. Finally, it was possible to observed that the generation
of a continuous amorphous a-SiCN phase and a discrete nc-
TiSiCN phase, with fusiform grain morphology where inhab-
iting the crystalline phase observed by TEM, was responsible
for an increase in the mechanical properties such as hardness
from 27 to 32 GPa and elastic modulus from 290 to 301 GPa
which was evidenced.

3.7 Tribological properties

Figure 15a presents the friction coefficient in the dry
environment of the interaction between steel counterpart
(100Cr6) and the surface of nc-TiSiCN coatings deposited
on an HSS steel substrate at different powers. The fric-
tion coefficient results in dry environment presented two

@ Springer

characteristic stages, typically occurring during the pin-on-
disc test. Stage I, known as the start-up period, is associated
with the interferential friction mechanism, due to the contact
of the asperities and the counterpart (100Cr6 steel pin), in
which the reduction of the asperities occurs, leading to the
formation of wear particles or debris [45]. These particles
on the surface generate a rapid increase in the friction coef-
ficient followed by a slight decrease until it stabilizes. In
stage II, the settling (running-in) period occurs in which the
reduction of these asperities is maintained together with the
appearance of new defects in the coating that lead to a fric-
tion coefficient stabilization [49].

Taking into account the above, Fig. 15b shows the fric-
tion coefficient value in the dry environment as a func-
tion different nc-TiSiCN coatings obtained with different
applied powers on the Si;N, target. This behavior is related
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Fig. 15 Tribological properties of TiSiCN coatings deposited with different powers of 400 W, 450 W, 500 W, and 550 W, in dry environment: a
friction coefficient as a function of sliding distance from pin-on-disc test and b friction coefficient as a function of applied power

to the friction model proposed by Archard [50]. This cor-
relates the mechanical (H, E,) and morphological (rough-
ness) properties of the coatings as presented in Eq. (5),
where it is indicated that the surfaces with better mechani-
cal properties and lower roughness, as is the case of the
TiSiCN coating deposited at 500 W, presented a lower
friction coefficient, as proved in the tribological test, since
this surface can withstand a greater continuous passage of
the counterpart with the uncoated steel substrate and the
other nc-TiSiCN coatings obtained with powers of 400 W,
450 W, and 550 W, respectively; thus, the nc-TiSiCN coat-
ing deposited at 500 W presented a lower wear rate in the
analyzed surface.

&)

where y is the friction coefficient of the system, C, is a fit
constant that depends on the test conditions, R ,) is the
roughness of the coating which can be quadratic or arithme-
tic, and Sl(1.E,) is a variable that depends on the mechanical
properties of the system such as hardness (H) or elastic
modulus (E)).

Figure 16 presents SEM micrographs for all wear sur-
faces of nc-TiSiCN coatings deposited on HSS steels in
a dry environment as a function of applied power. The
SEM micrographs were used to determine the mechanisms
present on worn surfaces after performing the pin-on-disc
test. In the SEM micrographs, it was possible to observe
the wear abrasive generated by penetration and fracture of
the asperities by the continuous passage of the counterpart
over the surface, generating hardened abrasive particles
due to plastic deformation. These particles adhered to both
surfaces in the tribological pair (counterpart-coating) gen-
erating a plowing and wear mechanism on that surface. It

was also possible to observe the adhesive wear which was
produced in certain areas of the counterpart (pin 100Cr6)
plastically deformed and adhered to the nc-TiSiCN coat-
ing surface after withstanding the external load exerted
on the counterpart.

In the SEM micrographs of the wear tracks produced in
the tribological test, it could be seen that for the uncoated
HSS steel substrate (Fig. 16a), the predominant surface
wear mechanisms are abrasive and adhesive. This is due to
its low mechanical properties and a relatively high friction
coefficient compared to the TiSiCN coating, which produces
a large number of particles on the surface that are deformed
and hardened by plastic deformation. In addition, the con-
stant passage of the counterpart removes and deforms the
asperities associated with the roughness of the HSS steel,
so that the contact area increases and the number of wear
particles decreases. Subsequently, this increase in the con-
tact area generates micro-welds, which are detached during
the tribological test and produce a removal of material [45,
49-52]. On the surfaces of steels coated with TiSiCN in a
dry environment (Fig. 16b, c, d, and e), it was determined
that the predominant wear mechanisms on these surfaces
were adhesion and abrasion although more reduced with
the uncoated steel; this change of behavior to the HSS steel
substrate is due to the change of the mechanical properties
of surfaces and surface morphologies in the coatings which
provide a greater resistance to be deformed, generating a
lower amount of removal and wear of the material, where
in the TiSiCN coating deposited with an applied power of
500 W, a lower wear track was found.

The 3D profiles of all the wear tracks obtained by pro-
filometry are shown in Fig. 17; in that sense, the profilom-
etry results corroborate the wear analysis associated to
wear tracks observed by SEM (Fig. 16a), for uncoated HSS
steel substrate and for all nc-TiSiCN coatings deposited at
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200pm
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Fig. 16 SEM micrographs of the wear tracks of the TiSiCN coating as a function of the applied power on the Si;N, target: a HSS steel, b 400 W,

¢ 450 W, d 500 W, and e 550 W

different applied powers, such as 400 W, 450 W, 500 W,
and 550 W. Considering the above, the profilometry images
show that the nc-TiSiCN coating deposited with 500 W pre-
sents lower amplitude and penetration in the worn track.
This wear behavior is due to the nanocomposite character-
istics which are consisted of nc-TiSiCN nanocrystals and
an amorphous a-SiCN matrix and the mechanical and mor-
phological properties previously described, which minimize
the deformation of the surface micro-irregularities affecting
the contact area in the wear process, thus minimizing the
volume removed from the coating as described in Fig. 16d.

3.8 Wear rate analysis

To determine the amount of wear produced during the tri-
bological test in a dry environment, a quantification of the
wear rate was made from the pin-on-disc test (Figs. 15 and
17). Taking into account the data obtained from the pro-
filometry test, the wear rate was determined for all the dry
environment surfaces obtained during the tribological test
and calculated from Eq. (6) [53].
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k=—
F.s

and S=2mrn 6)

where k is the wear rate, F is the applied force, V is the
track volume, s is the perimeter of the wear track, n is the
number of cycles or turns of the test, and r is the radius of
the wear track cycles.

To satisfy the terms expressed in Eq. (5), it is neces-
sary to determine the volume of the wear track; therefore,
Fig. 18a and b shows the width and depth values from
the wear track generated during the tribological test for
TiSiCN individual coatings deposited as a function of the
applied power (400 W, 450 W, 500 W, and 550 W). The
results show a geometrical reduction in the wear tracks
when the mechanical properties improve, such as the elas-
tic modulus (Fig. 13) and the plastic deformation resistance
(HIE?) (Fig. 13), thus reducing the micro-crack produc-
tion and minimizing delamination mechanisms. In that
sense, the coatings obtained with lower power deposition
(400 W) presented higher track width (1100 pm) and track
depth (1.1 pm) values, compared to the TiSiCN coating
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Fig. 17 3D profile images of the wear tracks of the nc-TiSiCN coating as a function of the applied power on the Si;N, target: a HSS steel, b 400
W, ¢ 450 W, d 500 W, and e 550 W

1.4

1.2

1.0

0.8

0.6

0.4 1

Track Depth (um)

0.2

0.0

(a)

I TiSiCN
i T
1
T
I

0.12

T T T T T T T T T
380 400 420 440 460 480 500 520 540 560

Applied Power (W)

0.10

0.08

0.06

0.04 -

0.02

Loss Volume (mm?®)

0.00

(c)

]
[

I TiSiCN

——

——

——

380 400 420 440 460 480 500 520 540 560

Applied Power (W)

Wear Rate (mm*/Nm)

-
kS

-
N
L

-
o
1

o
(-]

1
—

I
'S

1
i

e
N
L

0.0

Track Width (mm)
—

(b) [ TiSICN
1

1

4.0x10°

(d){ I TiSiCN
3.0x10° J:
2.0x10° { ]'
1.0x10° \ I yl l
0.0

.380 400 420 440 460 480 500 520 540 560

Applied Power (W)

5

380 400 420 440 460 480 500 520 540 560
Applied Power (W)
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deposited at 500 W, which presented lower track width
(350 pm) and track depth (0.65 pm) values. Figure 18a
and b present a reduction of 68% in the width and 40% in
the depth values of the wear tracks concerning the coating
obtained at 400 W. Taking the above into account, it can
be determined that the wear rate results for uncoated steel
substrate and all nc-TiSiCN coatings deposited as a func-
tion of the applied power on the Si;N, target vary with the
lost volume of each material. Therefore, in Fig. 18c the vol-
ume loss for the substrate and all coatings was determined
taking into account the track width and the track depth
results (Fig. 18a and b). So, Fig. 18c shows a significant
reduction of the wear volume as a function of the applied
power, which is consistent with the mechanical property
evolution and of the friction coefficient reduction. In this
sense, Fig. 18d shows a wear rate decreasing as a function
of the applied power on the Si;N, target and an increase
for the nc-TiSiCN coating deposited at a power of 550 W.
The maximum reduction of the wear rate corroborates that
the nc-TiSiCN coating deposited at 500 W presented a
higher wear resistance. This behavior was attributed to the
nanostructural modification of the [nc-TiSiCN]-[a-SiCN]
nanocomposite, the lubricating behavior that provides from
carbon that can be caused by the formation of amorphous
silicon carbon nitride and carbon in the form of graphite
and is also related to the increase in mechanical proper-
ties, reduction of the friction coefficient, and the wear rate
reduction [14, 38, 40].

3.9 Scratch test analysis

To determine the critical load at which the nc-TiSiCN nano-
composite coating can be delaminated from the substrate as
a function of the adhesive properties, the scratch technique
was used. Figure 19 shows the different test results in rela-
tion to the applied power on the Si;N, target. The adhesion
properties are characterized by two concepts; critical load,
at which the cohesive failure occurs (L), is the moment
where the first cracks appear; on the other hand, there is the
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Fig. 20 Critical load for all nc-TiSiCN coatings deposited as a func-
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critical load at which the adhesive failure occurs (L¢,) and
is related to the first delamination at the crack edge. So, the
loads were found in the regions of the scratch curve where
the friction coefficients were stabilized and the load becomes
independent of friction. The first detected zone refers to the
load at which cohesive failure occurs (L), and the second
stabilization zone refers to the load at which adhesive failure
occurs (L) [54, 56].

Figure 20 shows the increase of the critical load (L,)
for all the nc-TiSiCN coatings deposited as a function of
the applied power on the Si;N, target. In Fig. 20, it can be
analyzed that the coating deposited at 500 W presents the
highest critical load at which the adhesive failure occurs,
which indicates that the nc-TiSiCN coatings obtained with
500 W present better coating adhesion and less coating
delamination, compared to the coatings obtained with 400
W, 450 W, and 550 W. In this sense, it can be analyzed
that the layer grown with a power of 550 W shows a sig-
nificant reduction in the scratch resistance (critical load),
which can be attributed to the reduction of the mechani-
cal and tribological properties evidenced above. However,
a maximum critical load of 62.4 N was observed for the
nc-TiSiCN coating obtained at 500 W, representing an
increase of 57.4% in relation to the critical load for the

Fig.21 Scanning electron
microscopy on the scratch
traces for all TiSiCN coatings
deposited as a function of the
applied power on the Si;N,
target: a 400 W, b 450 W, ¢ 500
W, and d 550 W

coating grown at 400 W. This behavior is attributed to the
characteristics of the [nc-TiSiCN]-[a-SiCN] nanocomposite
structures found by XRD (Fig. 1) and TEM (Fig. 8) and
also to the increase of mechanical properties determined by
nanoindentation (Figs. 16 and 17) and tribological proper-
ties analyzed by pin-on-disc test (Fig. 17).

In this sense, the symmetry breaking in the amorphous
crystalline interface of the nanocomposite together with
the increase of the nanocrystal generation with the applied
power produced an evolution in the tribological proper-
ties evidenced by friction coefficient decreasing in relation
to uncoated HSS steel; in this sense, the nanocomposite
obtained with a power of 500 W exhibited the best per-
formance showing the lower friction coefficient of 0.31
and lower critical load of 62.4 N, with lower wear rate.
Finally, it was possible to observe the evolution in the
physical properties as function of preparation conditions
in the coatings, in agreements of Li and co-workers [56].

In Fig. 21a, b, c, and d, the scanning electron micros-
copies at X1000 magnification of the scratch traces for
the nc-TiSiCN nanocomposite coatings deposited at dif-
ferent applied powers on the Si;N, target are presented.
To observe the critical load effect and cohesive (L) and
adhesive (L,) failures on the coating surfaces, the SEM

X50  500pm

500pm
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micrographs present that the increase in the critical loads
was made when the applied power was increased until a
maximum value where a reduction begins. These tribo-
logical effects observed by SEM micrographs complement
those evidenced in Figs. 17 and 18. Taking into account
that the increase in the elastic recovery and the increase in
the elastic deformation resistance act as a block to crack
propagation, a higher load must be applied to generate
cracks and detachment of the coating (adhesive failure) of
the substrate/coating system (HSS/TiSiCN).

3.10 Meritindex

In order the correlate the obtained properties of the coatings
as a function of the applied power. Figure 22a and b show a
direct correlation between two different properties as a func-
tion of the applied power, where it was possible to show at
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which power the best set of properties was obtained. Fig-
ure 22a shows the correlation between the lattice parameter
and hardness, as well as the value of the theoretical lattice
parameter (dotted line), where the material is stress-free.
From these results, it was possible to show that the coating
deposited with 500 W presented a lattice parameter closer
to the stress-free position and with the higher hardness
obtained (32 GPa); this behavior is attributed to the fact that
this structure presented a lower amount of residual stresses
during the deposition process, which generated a coating with
a more orderly and dense growth than the others, influenc-
ing its surface properties such as roughness and grain size.
And where these surface properties influenced the resulting
mechanical properties of the coating, since having a smaller
grain size, a higher grain edge density was obtained, which
act as impediments to the passage of dislocations through the
coating, which causes an increase in mechanical properties.
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Fig. 23 Merit index for the process variables and the future applications in the industrial field: a mechanical properties and nanocrystal size and
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Figure 22b shows the direct comparison between hardness and
wear rate for the coatings obtained as a function of applied
power. Through this analysis, it was possible to show that the
same trend was maintained, where the coating deposited with
500 W presented a higher hardness and lower wear rate. This
mechanical and property behavior is related to the surface
characteristics, since having a much more homogeneous sur-
face with higher hardness, as previously presented, generates
lower amounts of wear particles, which directly influence the
surface wear of the coatings.

Figure 23 shows the variation of hardness, wear rate, and
size of the nanocrystals as a function of process variables such
as applied power onto Si;N, target (Fig. 23a and b). In that
sense when the size of the discrete phase or the crystals size
is very low between 5 and 8 nm, the continuous phase (amor-
phous) tends to be larger; therefore, the mechanical properties,
e.g. hardness, tend to decrease when the material is subjected to
applied load. In addition, when the crystal size is very low, the
plastic deformation or cracks progress easily due to the reduced
crystal size, since the nanocrystals act as zones of high symme-
try dissipating the crack energy and increasing the mechanical
properties, which will be reflected in a better performance of
mechanical devices coated with the Ti-Si-C-N nanocomposite.

Uncoated
Steel

15KV X60 SEI 15KV X60 SEI

15KV X60 SEI

Fig.24 Worn surface (flank wear) of ASSAB 17 steel burins coated
with TiSiCN nanocomposite coatings as function of applied power
on Si;N, target: a uncoated ASSAB 17 steel burins, b steel burins
coated with 400 W, ¢ steel burins coated with 450 W, d steel burins

3.11 Analysis of wear test results

ASSAB 17 steel burins, both uncoated and coated with
TiSiCN nanocomposite coatings as machining tools, were
incorporated to analyze the wear trend during the machin-
ing process. Flank wear (VB) was measured by using scan-
ning electron microscopy (SEM). For a fair comparison,
all the coatings have been tested under the same conditions
and with the same procedure in accordance with ISO3685
[57]. Therefore, the sources of uncertainties considered in
estimating the tool life are flank wear measurement, cut-
ting condition variability (spindle speed and feed rate), and
time measurement.

In the present experiments, the typical tool wear pattern is
shown in Fig. 24; the integrity of the cutting ASSAB 17 steel
uncoated and coated with TiSiCN nanocomposite coatings
can be observed. Therefore, the major tool wear mechanisms
were interactions of abrasive wear, adhesion wear, micro-
breakout, and chipping when cutting AISI 1020 steel. The
notch wear is a key wear type of ASSAB 17 steel burins
when machining AIST 1020 steel at high cutting speeds. The
tool wear mechanisms of coated ASSAB 17 steel burins were
adhesive, abrasive, and peeling and fracturing of coating.

(f) Cutting tool gcometry

Machining processes

Workpiece

LSS

|° Burin

ISO 10

Flank wear

Burin

coated with 500 W, e steel burins coated with 550 W, and f geometric
configuration of the workpiece and the cutting tool showing the flank
wear
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The flank wear of coated ASSAB 17 steel burins was severe
during the experiments for ASSAB 17 steel uncoated and
coated with TiSiCN nanocomposite coatings; however, the
severity of the wear was reduced when the applied power
went from 400 to 500 W. Rapid increase in notching at the
tool nose leads to tool edge breakout in uncoated ASSAB 17
steel and ASSAB 17 steel coated with lower applied power
on Si;N, target (400 W) (Fig. 24a and b); thereby, it is pos-
sible to find that uncoated ASSAB 17 steel burin is unsuit-
able to cut AISI 1020 steel within the experimental cutting
speed range. Moreover, the morphology image of wear is
evident on the edge of the ASSAB 17 steel (Fig. 24). This
wear is generated by the cutting parameter (Table 1), where a
reduction in the flank wear (VB) is observed on the ASSAB
17 steel burins coated with TiSiCN nanocomposite coatings.
This is in concordance with the mechanical and tribologi-
cal test when the applied power is increased (Figs. 13, 15,
and 19). High hardness and elastic modulus contribute to a
reduced friction coefficient between the cutting tool and the

1000 -
(@) TisicN Coatings o
—~ 900 i""i .
E i/ I é I
= 800 / i T
X 7004 ] §/§/f§ !
£ 600 4 / /§/;/r‘§' !
Q /g/f/*/:Y 1
S 500 s B S
4 /? /Y -
C 400 % 24
©
I 300+ Y —m— Uncoated Steel Burins
. —a—400W
8 200 - —o—450 W
; 100 4 —v—500 W
—*— 550 W
0 360 G(I)O 960 12I00 15IOO 18I00 21I00 24:00 2700

Cutting length (m)

workpiece, conferring superficial hardness that reduces the
abrasive wear caused by this interaction. Thus, the grade of
ASSAB 17 steel burins coated with higher applied power
(500 W) is better than the uncoated ASSAB 17 steel burins
at high cutting speed because the TiSiCN coatings with (500
W) provide exceptional resistance to heat and wear, unlike
the uncoated ASSAB 17 steel burins and TiSiCN nanocom-
posite coatings with (400 W); it also demonstrates higher
hardness, elastic modulus, and better tribological properties,
such as those present in the merit index (Fig. 23); also, the
surface damage in uncoated ASSAB 17 steel burin peeling
is more severe than that of the ASSAB 17 steel burins with
TiSiCN nanocomposite coatings (Fig. 24a, b, c, d, and e).
Finally, in Fig. 24f, it is possible to observe the geometric
configuration of the workpiece, the cutting tool (burin), and
the area of the burin where the flank wear was analyzed via
SEM.

Flank wear as a function of cutting length for uncoated
and coated ASSAB 17 steel burins with different applied
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Fig.25 Wear test results for uncoated ASSAB 17 steel burins and
ASSAB 17 steel burins coated with TiSiCN nanocomposite coat-
ings: a flank wear (VB) as a function of cutting length, b flank wear
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power is shown in Fig. 25a. The flank wear (VB) analyses
for ASSAB 17 steel were present for 400, 900, 1400, 2000,
and 2500 m of cutting length. The steel burins coated with
TiSiCN nanocomposite coatings exhibited a lower VB than
the uncoated ASSAB 17 steel; the wear increases as func-
tion of the applied power reduction (Fig. 25b), as noted in
Fig. 25a and b. This behavior corresponds to excessive adhe-
sive wear characteristic for this tribological system when the
coating shows delaminating [58]. Additionally, the turning
effect on the tool life is presented in Fig. 25¢ for high cutting
speed parameters (Table 1), which corresponds to reduced
flank wear from 902 to 568 pm (2500-m cutting length) for
ASSAB 17 steel burins uncoated to ASSAB 17 steel bur-
ins coated, deposited with 500 W. The good performance
(with 37% enhanced tool life) for the ASSAB 17 steel burins
coated with high applied power (500 W) present on surface
tool material can be attributed to high hardness with relative
high elastic modulus (Fig. 13), together with a low friction
coefficient (Figs. 15 and 16) and a high critical load (Figs. 19
and 20). This represents exceptional edge wear resistance,
high strength, and resistance to deformation and depth of cut
notch wear. These properties are adequate enough to endure
the thermal and mechanical stresses produced in machining
AISI 1020 steel, at this high cutting speed, without suffering
the inherent limitations of the PVD coatings (e.g., low adhe-
sion and residual stresses on sharp edges that can induce
coating delamination).

4 Conclusions

From r.f magnetron sputtering, a mechanic-tribological [nc-
TiSiCN]-[a-SiCN] quaternary nanocomposite coating with
crystalline structure of nc-TiSiCN phase accompanied by
an amorphous phase of a-SiCN as function of deposition
parameters such as applied power target was obtained.

The physical characteristic on the plasma within high
vacuum processes as ionic bombardment onto ceramic TiC
and Si;N, targets with applied power from 400 to 500 W was
able to generate a quaternary material whose reduction in
grain size and roughness was 13.4% and 30.7%, respectively.

The generation of a continuous amorphous a-SiCN phase
and a discrete nc-TiSiCN phase, with fusiform grain mor-
phology where inhabiting the crystalline phase observed
by TEM, was responsible for an increase in the mechanical
properties such as hardness from 27 to 32 GPa and elastic
modulus from 290 to 301 GPa which was evidenced.

The symmetry breaking in the amorphous crystalline
interface of the nanocomposite together with the increase
of the nanocrystals generation with the applied power pro-
duced an evolution in the tribological properties evidenced
by friction coefficient decreasing in relation to uncoated HSS
steel; in this sense, the nanocomposite obtained with a power

of 500 W exhibited the best performance showing the lower
friction coefficient of 0.31 and lower critical load of 62.4 N,
with lower wear rate.

By manipulating the deposition variables with a vacuum
control, it was possible to generate nc-TiSiCN nanocom-
posites with different powers; then, the coating with 500
W showed a reduction in the adhesive and abrasive wear,
and this effect was generated by a better sliding counterpart
associated to the smaller contact area due to the increase
of the mechanical properties, providing an industrial alter-
native in metal-mechanical components that require a high
performance related to the increase in properties such wear
resistance.

During the machining process in turning, the wear mech-
anisms for uncoated and coated ASSAB 17 steel burins were
investigated. It was found that adhesive wear and abrasive
wear were the principal wear mechanisms, controlling the
deterioration and final failure of the ASSAB 17 steel tools.
From the qualitative analysis of the coatings compared to the
uncoated tools, it was found that the ASSAB 17 steel coated
with TiSiCN system with 500 W exhibited the highest wear
resistance and the lowest adhesive wear. In addition, this
TiSiCN nanocomposite coating exhibited the fewest flank
wear values and enhanced tool life of 28% as compared to
uncoated ASSAB 17 steel.
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