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Abstract: In this study, unbalanced direct current magne-
tron sputtering was employed to develop TiBCN coatings
on Si (100) wafers. The carbon (C) concentration was varied
to manipulate the phase structure and mechanical proper-
ties of the coatings. The coatings were analyzed using
Raman spectroscopy, scanning electron microscopy, X-ray
diffraction, X-ray photoelectron spectroscopy, and nanoin-
dentation. The results revealed that the TiBCN-2 coating,
with a C concentration of 4.4 at.%, exhibited optimal hard-
ness and elastic modulus values of 33 and 291 GPa, respec-
tively. On the other hand, as the C content increased from
4.4 to 24.4 at.%, the hardness and elastic modulus values of
the coatings decreased to 21 and 225 GPa, respectively, due
to the formation of boron nitride and carbon phases within
the coating matrix. Therefore, the inclusion of an ideal C
concentration can considerably improve the properties of
TiBCN coatings, thus rendering the coating a desirable
material for cutting tools.

Keywords: magnetron sputtering, TiBCN coatings, Si (100)
wafer substrate, microstructure, mechanical properties

1 Introduction

The engineering sector has grown quickly, resulting in an
increase in the number of machine parts that can operate
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under various circumstances. Coatings that are based on
borides, carbides, and nitrides, specifically TiB, TiC, TiN,
TiB2, TiBC, TiCN, TiBN, and TiBCN, are of great importance
in determining the functional properties of machining
tools [1-3]. These coatings are carefully selected to opti-
mize performance and longevity of the tool. For cutting
tools, the T(C, N) ceramic component in cermet is particu-
larly valuable due to its high refractoriness, wear and cor-
rosion resistance, hardness, edge strength, edge sharpness,
low density, and conductivity [4-9]. Similar to this, Ti(C, N)-
based cermet is also utilized in automotive parts, bearings,
and gas turbine components [10]. TiB, ultra-high tempera-
ture ceramic is used for high-temperature structural com-
ponents due to its high specific strength and endurance
[11,12]. Research has shown that combining TiB, and Ti
(CN) compounds in ceramic composites can be used for a
variety of applications due to their superior mechanical
capabilities to those of individual ceramic components
[13-16]. Other comparable nanocomposite hard coating
systems that combine improved hardness, toughness, and
reduced coefficient of friction have proven to be significant
[3,17]. These systems, such as TiB, TiC, TiN, and TiB, com-
pounds, do this by adding various materials gradually and
intelligently to a hard single-component phase.

To further enhance the quality of these ceramic com-
pounds, a novel and intriguing material based on the
TiBCN composite has been developed [2]. As in the Ti(C, N)
ceramic phase [2,18], these nanocomposites exhibit a
face-centered cubic structure, where boron (B) is posi-
tioned in the same crystallographic position as carbon (C)
and nitrogen (N). The unique properties of the TiBCN com-
posite are mostly based on solid solution hardening. It is
envisaged that nanometric TiCN and TiB, would embed
during this solid solution hardening process as amorphous
boron nitride (BN) and carbon matrix are formed. The
change in the C contents within the coating matrix is antici-
pated to significantly influence the phase structure and
mechanical properties of TiBCN coatings. In order to cor-
relate the structure of the phase with the mechanical prop-
erties of the resulting TiBCN coatings, the current work
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aims to investigate the effect of C concentration (ranging
from 0.0 to 24.4 at.%) in an unbalanced direct current (DC)
magnetron sputtering of TiBCN coatings onto Si (100) sub-
strates. Raman spectroscopy, X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), and optical microscopy
methods were used to investigate the phase structure of
the TiBCN coatings. However, the nanoindentation method
was used to determine the mechanical properties.

2 Experiment

2.1 TiBCN coating deposition on wafers

Thin films of TiBCN were deposited onto Si(100) substrates
using unbalanced DC-magnetron sputtering equipment
(UDP450, Teer Coating Limited). The deposition process
involved the use of one Ti, one TiB,, and two C targets.
To achieve coatings with different carbon content, the C
target current was varied from 0.0 to 2.0 A, while the Ti
target current and TiB, target current were held constant
at 6.0 and 3.0 A, respectively. The process enabled the
deposition of TiBCN coatings that differed in their carbon
content. The coatings were designated as TiBCN-1 (0 at.% C),
TiBCN-2 (4.4 at.% C), TiBCN-3 (12.4 at.% C), TiBCN-4
(19.2 at.% C), and TiBCN-5 (24.4 at.% C). The substrate rota-
tion speed was maintained at 15 rpm, while the substrate
bias voltage was —60 V. The process was carried out under
an operating pressure of 0.26 Pa, and the amount of nitrogen
added to the chamber was measured using a computer-con-
trolled optical emission spectroscopy instrument set at 80%.
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Prior to the deposition, the surface of the substrate was
maintained at a negative bias voltage of 500V for 30 min
with Ar plasma. Next, a Ti buffer layer of 100 nm in thick-
ness was deposited. The objective of depositing this Ti buffer
layer was to not only increase the coating adhesion but also
decrease the stress at the interface with the Si (100) sub-
strate. Due to plasma heating, the substrate temperature
was estimated to be around 200°C during deposition. The
schematic diagram depicting the experimental set-up, fol-
lowed by the characterization technique, is presented in
Figure 1.

2.2 Characterization

X-ray photoelectron spectroscopy (XPS, PHI 5802 system)
with a monochromatic Al Ka X-ray source (h = 1486.6 eV)
was used to investigate elemental concentration and the
bonding status in the coatings. The surface morphology
and composition of the coatings were analyzed using the
scanning electron microscope (ESEM Quanta 200 SEM)
equipped with an energy-dispersive X-ray spectroscopy
(EDS) detector at 25kV. LABRAM HR-800 Raman spectro-
scope was used to examine the chemical substance and
structure of the coatings. Using a Rigaku MiniFlex diffract-
ometer, operating at 40 kV and 30 mA, XRD was used to
determine the crystalline structure of the coatings. Cu Ka
radiation was used for the experiments, and an Ni filter
was used to cut off Cu Ka reflections. Using a trigonal
Berkovich diamond tip indenter with a maximum load of
1,000 mN, nanoindentation studies were used to determine
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Figure 1: Schematic diagram of DC magnetron sputtering deposition of TiBCN coatings.
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the elastic modulus and nano-hardness. For calibration
reasons, the hardness value of a fused silica sample was
routinely verified. Ten different measurements were made
for each sample to calculate the mean. By employing a Teer
3001 scratch tester, the cohesive and adhesive strengths of
the coatings were evaluated. A diamond indenter with a
0.2 mm radius was moved across the coatings at a sliding
velocity of 10 nm'min™ and a loading rate of 100 N-min™.

3 Results and discussion

Figure 2 displays the elemental concentration of TiBCN
coatings (atomic percentage (at.%)). According to Figure
2, the C concentration increases linearly as the C target
current increases from 0.0 to 2.0 A, whereas the Ti and N
atomic concentrations within the coating matrix show the
reverse trend. It was determined that B’s atomic concen-
tration in the coating matrix is between 10.5 and 14.4 at.%.
The observed differences in the concentration of the ele-
ments in Figure 2 can be attributed to the various phase
formations within the coatings matrix, as detailed later in
the Raman and XRD results, which may have an impact
on the mechanical properties of the coatings. Figure 3
shows the observed scanning electron microscopy (SEM)
images of the cross-sectional morphology of the TiBCN
coatings. According to the cross-section SEM images of
the TiBCN film, the overall coating thickness is around
~lum for all coating conditions, with the exception of
TiBCN-5, which shows a thickness of 0.68 um. Additionally,
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Figure 2: Elemental composition of TiBCN coatings at different C
concentrations.
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the cross-sectional view of the coatings appears to be uni-
form across all coatings conditions.

The Raman spectra were obtained to compare the C-C
bonding structure present in different TiBCN coatings. The
coatings were tested at varying C concentrations, ranging
from 0 to 24.4 at.% in the wave range of 1,000-2,000 em™?
(as shown in Figures 4 and 5). The inset figures in Figure 4
illustrate the spectra fitting using the Gaussian function to
determine the peak area and the full-width half maximum
(FWHM). The G peak, representing sp?-C (sp2-bond), and
the D peaks, representing sp3C (sp-bond), are depicted
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Figure 3: SEM cross-sectional images of TiBCN coatings at different C
concentrations.
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Figure 4: Raman spectra of TiBCN coatings at (a) 0 at.% C, (b) 4.4 at.% C, (c) 12.4at.% C, (d) 19.2 at.% C, and (e) 24.4 at.% C concentration.
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Figure 5: Raman parameters determined by Gaussian curve-fitting of
TiBCN coatings (a) Ip/Ig ratio, (b) G peak position and width, and (c) D
peak position and width.

in Figure 5(a)—(e) at approximately 1,581 and 1,385 cm ™,
respectively [19,20]. Figure 5(a) illustrates the peak area
ratio (Ip/Ig) as a function of the C target current, which
represents the ratio of sp® and sp” in the coating. The Ip/Ig
ratio falls from 1.0079 to 0.9681 as the C concentration
increases from 0 to 4.4 at.%, indicating a minor increase in
the sp® content due to the additional B and N atoms that
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Figure 6: XRD patterns of TiBCN coatings at different C concentrations.

prevent the formation of a graphite-like structure. As the C
concentration increases from 4.4 to 24.4at.%, the ratio
increases to 1.0240, indicating an increase in the sp’C con-
centration and the graphitic characteristics of the coatings
after C incorporation. The position and peak width (FWHM)
of the G and D peaks change with the C concentration, as
shown in Figure 5(b) and (c). The G peak width (FWHM)
measures the bond length and bond angle disorder in sp*
clusters. The size and strain of the sp” clusters inside the sp®
network increase as the sp® content decreases, leading to
lower length and bond angle disorder and reducing G
peak width [21]. As the C concentration increases in Figure
5(b), the G peak position shows only minor fluctuations in
the limited range of 1583.64 to 1582.24 cm™’, indicating a
slight change in the coatings’ sp? and sp® content. The little
shift in the G peak width is similarly accompanied by an
increase in the sp? contents in the 120.59-121.41 cm ™ range.

The XRD patterns of TiBCN coatings at various C con-
centrations are depicted in Figure 6. The TiBCN coating
displayed an intensity peak at 32.99° that corresponds to
a hexagonal TiB,-type (100) at 0 at.% C. The orientation of
the coating to TiB-type (111) after adding C to the film, along
with the disappearance/low intensity of the TiB,-type (100)
and the coating’s broadness, points to the possibility that
the C in the coating matrix exists as either interstitial or
substitutional atoms in the TiB, lattice [22]. It is important
to note that both TiN and TiC possess NaCl structures in
which, at the corners of the face center cubic structure, Ti
atoms are distributed, whereas C or N atoms exist at the
interstitial sites of the octahedron. Additionally, the Scherrer
formula was used to determine the crystallite size of the
TiBCN coatings [23]. The calculated crystallite sizes are
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Figure 7: XPS spectra of (a) Ti 2p, (b) B 1s, (c) C 1s, and (d) N 1s energy regions of TiBCN-1 coatings at 0 at.% C concentrations.

39.70, 34.9, 275, 31.8, and 19.5nm for the coating with C
concentrations ranging from 0 to 24.4 at.%, respectively.
This suggests that the inclusion of C into the TiBCN matrix
will affect how the coating grows.

XPS was used to characterize the chemical binding
states of the TiBCN coatings at various C concentrations
between 0 and 24.4 at.%. Figure 7 displays the Ti 2p, B 1s,
C 1s, and N 1s XPS core level spectra. The coatings showed
identical Ti 2ps, and Ti 2py, peaks in the Ti 2p spectra
shown in Figures 7(a), 8(a), 9(a), 10(a) and 11(a) at energies
of 454.5 and 460.25eV, respectively. Due to the near
binding energies of TiC (454.5/460.5 eV), TiN (455.5/462 eV),
and Ti(C, N) (457/463.9), the Ti atoms might be bound to
both B, C, and N atoms, as shown by these binding ener-
gies (i.e., 454.5 and 460.25 eV) [24]. The Ti 2p3, and Ti 2py,
peaks gradually move towards the higher binding energy
as the C content in the coatings rises, which is a sign of a

decline in the TiB and an increase in the TiN bonds in the
coatings.

Figures 7(b), 8(b), 9(b), 10(b) and 11(b) B 1s spectra
demonstrate the presence of B (189.3eV) and BN
(190.6 eV) bonding states. The intensity of the BN compo-
nent inside the coatings matrix dramatically rises with an
increase in the C contents. It is assumed that the BN phase
in the coatings is in the amorphous condition because the
XRD patterns showed no sign of crystalline h-BN. The
N—(Ti, C) (396.7eV), N-Ti (397.1eV), and B-N (398.2eV)
bonding states made up the three primary species of the
N 1s spectra in Figures 7(d), 8(d), 9(d), 10(d) and 11(d). As the
coatings’ C concentrations rise, the N—(Ti, C) component’s
intensity also rises.

The low C concentration in the TiBCN-1 coating is the
reason why Figure 7(c) does not display a significant
spectra component, but Figures 8(c), 9(c), 10(c) and 11(c)
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Figure 8: XPS spectra of Ti 2p, B 1s, C 1s, and N 1s energy regions of TiBCN-2 coatings at 4.4 at.% C concentrations.

all show three substantial components in the C 1s spectra at
the binding energies of 281.5, 282, and 284 eV. The compo-
nent at the binding energy 281.5 eV indicates the potential
formation of a metal carbide in the form of Ti—(B, C), while
the component at the binding energy 282.5 eV is attributed
to the sp* amorphous C-C bonding and the component at
the binding energy of 284 eV is a possible indication of the
formation of the CN phase. Although a gradual chemical
shift of the Ti—(B, C) peak with increasing C contents has
been detected, this suggests that there were fewer B atoms
linked to C atoms in the T—(B, C) solid solution.

Figure 12 displays the elastic modulus and hardness of
TiBCN coatings with various C concentrations. When C
with a concentration of 4.4 at.% is added, the hardness
changes from 32 to 33 GPa, and the elastic modulus rises

from 279 to 291 GPa. The coating’s hardness and elastic
modulus drop to 21 and 225 GPa, respectively, as the C
concentration is raised to 24.4 at.% in the coating. The
observed alterations in the coating’s phase structure, as
determined by XRD (Figure 6), can be used to explain these
changes. An indicator that the compressive stress and
micro-hardness are decreasing, for instance, is a shift in
the diffraction peak to a higher 26 angle [20,25]. The pro-
duction of an amorphous graphitic structure in the coat-
ings is explained by the D and G peaks in the Raman
spectra, but this structure can reduce the hardness of the
coating due to its poor shear strength [1]. This study found
that the TiBCN-2 coating’s amorphous C content, particu-
larly the sp* content, had decreased. This finding was sup-
ported by a decline in the Ip/I; ratio from 1.0079 to 0.9681
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Figure 9: XPS spectra of Ti 2p, B 1s, C 1s, and N 1s energy regions of TiBCN-3 coatings at 12.4 at.% C concentrations.

(Figure 5(a)). The Ip/Ig ratio rises to 1.0240 when the C
concentration rises from 4.4 to 24.4 at.%. Consequently,
the elastic modulus and hardness both drop (Figure 12).
The cohesive and adhesive properties of the TiBCN
coatings at different C concentrations were evaluated using
scratch adhesion tests with increasing loads ranging from
10 to 80 N. Table 1 shows the calculated critical load values
for cohesive (L¢y) and adhesive (Lcp) failure. The critical
load is influenced by testing parameters used, like loading
rate, indenter radius, scratching speed, coating thickness,
friction coefficient, and residual stress [1]. The information
on the frictional and plastic deformation of the coating
system is contained in the friction coefficient (Ft/Fn). The
critical loads were ascertained from the acquired friction
plots (Friction [N] versus load [N]) shown in Figure 13 by
examining the first and second onsets of significantly

abrupt fluctuation in the friction forces. The TiBCN-1
micrograph in Figure 12 shows chipping, conformal buck-
ling, or interfacial spallation at a critical load, L¢; = 39N
(i.e., C-free coating). Chipping results from a surface or
internal crack. Furthermore, the second start of the
increased frictional force curve that yields adhesive
failure values comes at critical load Lc,, which is a point
of inflection. The TiBCN-1 coating has an L, greater than
65 N. Additionally, the acoustic emission (AE) signal is used
to determine the L. values since the crack detected by the
AE transducer produces an AE signal. All of the coating
samples had distinct AE events that provided details on
the extent of coating damage, which is shown in Figure 13.
Critical load levels and frictional curves match up nicely.
The outcome was identical, with L¢; equaling 42N when
the C concentration increased from 0 to 4.4 at.%. The
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Figure 10: XPS spectra of Ti 2p, B 1s, C 1s, and N 1s energy regions of TiBCN-4 coatings at 19.2 at.% C concentrations.

beginning of cracking at the edges of the scratch track,
which is plainly evident, is indicated by L¢; in accordance
with the AE signal curves of TiBCN-3, TiBCN-4, and TiBCN-5
coatings.

However, the first abrupt rise of the acoustic signal
cannot be used alone to understand the L values [1]. The
straightforward acoustic signal is insufficient to assess the
coating strength due to the intricacy of the contact and
failure mechanism. As a result, all the coating samples
were subjected to a scratch examination in order to assess
the adhesion strength of coatings. The optical micrographs
of all the TiBCN coating failure behaviors are displayed in
Figure 14 as a result. However, when the C concentration
increased, the scratch track underwent plastic deformation
without spallation or chipping, as shown by the optical
micrograph of TiBCN-3, TiBCN-4, and TiBCN-5 in Figure 14.
The critical loads have been established and are shown in

Table 1 after accounting for the frictional plots, AE signal,
and optical observations.

4 Conclusion

TiBCN coatings were deposited onto Si (100) wafer sub-
strates using an unbalanced DC magnetron sputtering
approach, with a range of C concentrations from 0 to
24.4 at.%. XRD analysis determined that the coatings con-
tained crystalline phases of TiB,/Ti(B, C), TN/Ti(C, N), and
Ti,Bs within the amorphous phase of the coating matrix.
XPS spectrum analysis showed the presence of Ti(B, C), Ti
(C, N), TiN, BN, B-C, Ti-N, sp*C—C, and sp°C in the TiBCN
coatings. Among the coatings, the TiBCN-2 (4.4 at.% C)
demonstrated the optimal hardness and elastic modulus
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Figure 12: Hardness and elastic modulus of TiBCN coatings at different C
concentrations.

Table 1: Scratch test measurements of TiBCN coatings with different C
concentrations

Sample TiBCN-1 TiBCN-2 TiBCN-3 TiBCN-4  TiBCN-5
L® (N) 39 42 27 27 17
L° (N)  >65 >75 >75 >75 >75

Ley? (N) is the critical load for cohesive failure and defined as the load at
which the coating shows first chipping on the scratch track. Le® (N) is
the critical load for adhesive failure and defined as the load at which the
substrate is showed on the scratch track.

of 33 and 291 GPa, respectively. As the C concentration
increased in the TiBCN coatings, the nano-hardness and
elastic modulus decreased. The increased nano-hardness
and elastic modulus of the TiBCN-2 coatings were attributed
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Figure 13: Frictional and AE signal versus load of TiBCN coatings at different C concentrations.
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Figure 14: Optical micrographs displaying the scratch trails on TiBCN coatings at different C concentrations.

to the low amorphous phase fraction and declining sp*/sp*
ratio.
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