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Abstract

The nanoindentation technique has emerged as a powerful method for precisely assessing the
mechanical properties of materials such as hardness and modulus at the nanoscale. This paper elaborates
the capabilities of nanoindentation to determine the intrinsic mechanical properties, particularly hardness
and elastic modulus of advanced coatings TiSiN, DLC, and a novel TiSiN/DLC hybrid coating on
tungsten carbide cutting tools. X-ray diffraction (XRD) analysis revealed unique peak orientations for
each coating, with TiSiN and TiSiN/DLC hybrid coatings exhibiting a coating texture with preferred
(111) and (200) orientations in achieving superior hardness. Raman analysis confirmed the DLC nature of
the coatings. Calotest measurements demonstrated differences in coating thickness, with DLC being
thinner than TiSiN and TiSiN/DLC coatings. Nanoindentation tests revealed that the TiSiN coatings
displayed exceptional superhardness, with a hardness of 40.2 GPa and an elastic modulus of 405.2 GPa,
whereas the TiSiN/DLC hybrid coatings showed notable improvements in hardness and elastic modulus
compared with the DLC coatings, with a hardness of 32.2 GPa and an elastic modulus of 356.8 GPa.
These findings underscore the mechanical strength of TiSiN coatings, making them suitable for the
machining industry. The TiSiN/DLC hybrid coatings exhibit potential for various industrial applications.
This research enhances our understanding of superhard coatings, contributing to surface engineering and
the development of high-performance coatings.

Keywords: Nanoindentation, Superhard Coatings, Titanium Silicon Nitride Coatings, Diamond-Like Carbon
Coatings, Titanium Silicon Nitride/Diamond-Like Carbon Hybrid Coatings
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I. INTRODUCTION

Rapid advancements in materials science and
technology have fueled a growing demand for
precise methods to assess the mechanical
properties of materials, particularly in the
industrial sector. Nanoindentation has emerged as
a versatile and accurate technique for meeting
these demands. This powerful method enables the
measurement of mechanical properties at the
nanoscale, providing valuable insights into a
material’s response to mechanical stress.
Nanoindentation  has  found  widespread
applications across various industrial sectors and
significantly advanced research in fields such as
materials science, coatings technology, and
biomaterials [1], [2].

Nanoindentation operates on a straightforward
principle: a controlled load is applied to a sharp
indenter, and the resulting penetration depth or
displacement is continuously monitored. The
relationship between the applied force and
indentation depth is then analyzed to determine
the critical mechanical properties. Typically,
nanoindentation instruments feature a sharp
indenter, commonly a diamond tip, a highly
precise load actuator, and a displacement
transducer, often in the form of a capacitive
sensor. The load-displacement data from the test
are analyzed using methods such as the Oliver-
Pharr method to determine parameters such as
hardness and elastic modulus [3], [4].

These instruments are equipped with
advanced control and data acquisition systems,
allowing the measurement of crucial mechanical
properties, including hardness, elastic modulus,
yield strength, creep resistance, and fracture
toughness. These parameters play a vital role in
evaluating a material’s suitability for specific

industrial applications, making nanoindentation
an essential tool for quality control, materials
development, and product enhancement.
Nanoindentation has a profound impact on
various industrial sectors by facilitating materials
and coatings evaluation. Its versatility and
precision make it indispensable for assessing
mechanical properties in diverse applications.
Whether it is optimizing the performance of
cutting tools, evaluating the durability of surface
coatings, or enhancing the quality of biomedical
implants, nanoindentation significantly
contributes to the advancement of industrial
materials and processes. While nanoindentation
is a powerful technique, it does have limitations,
with measurement accuracy affected by factors
such as substrate effects, indenter tip shape, and
contact mechanics [5].

Recently, surface coatings have become a
vital avenue for improving the properties of
various materials. These coatings are specifically
designed to enhance attributes such as hardness,
modulus, wear resistance, friction, anti-corrosion
capabilities, and high-temperature resistance. The
use of Ti-based coatings, such as titanium nitride
(TiN) coatings, has been instrumental in
enhancing industrial tool performance. This
success has led to the development of an entire
family of TiN-based coatings [5], [6], including
titanium aluminum nitride (TiAIN) [7], titanium
silicon nitride (TiSiN) [6], [7], and multilayer
coatings [8], [9].

Diamond-like carbon (DLC) coatings have
also gained prominence across industries,
demonstrating exceptional tribological properties.
DLC coatings offer low friction, high wear
resistance, and corrosion protection, making them
invaluable in various applications [10]-[12].
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This work primarily emphasizes the
innovative TiSiN/DLC hybrid coating, which
combines the strengths of TiSiN providing
superior mechanical properties and exceptional
hardness and DLC coatings providing enhanced
surface smoothness and excellent tribological
performance. This study explores the application
of nanoindentation techniques to characterize the
mechanical properties of TiSiN, DLC, and novel
TiSiN/DLC hybrid coatings applied to tungsten
carbide cutting tools, which are commonly used
in various industrial sectors.

II. MATERIALS AND METHODS

The materials used in this study comprised
tungsten carbide (WC) specimens, specifically of
RSK15X grade, and cutting inserts as substrates.
The tungsten carbide specimens were of
dimensions 12 x 12 x 3 mm. For the experimental
setup, thin films of titanium silicon nitride
(TiSiN), diamond-like carbon (DLC), and the
novel TiSiN/DLC hybrid coating were deposited
onto the cutting inserts, as illustrated in Figure 1.

[
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Figure 1. Cutting inserts deposited on (a) TiSiN, (b) DLC,
and (c) TiSiN/DLC coatings (The authors)

An analysis of the elemental composition of
the tungsten carbide (WC) substrate was
conducted wusing energy-dispersive  X-ray
spectroscopy (EDS). This analytical technique
provided insights into the substrate’s elemental
composition. The results of the EDS analysis are
presented in Table 1, which details the weight
percentages of various elements in the tungsten
carbide (WC) substrate.

Table 1.
Elemental composition of the tungsten carbide (WC)
substrate (The authors)

Substrate (WC) W C Co Si Cr
% wt 78.81 7.75 11.15 1.67 0.62

In this study, tungsten carbide (WC) tool steel
substrates were selected as the primary material
for experimentation. To ensure a pristine surface,
the specimens underwent manual grinding and
polishing. Prior to their introduction into the
deposition chamber, the WC substrates were
subjected to ultrasonic cleaning with a
combination of acetone and ethanol. The
deposition process relied on a cathodic arc
system provided by Diacoat Technologies Co.,
Ltd.

The deposition setup featured a cylindrical
chamber housing three 4-inch water-cooled target
holders, each tilted at an angle of approximately
30 degrees relative to the horizontal substrate
holder’s normal axis. The substrate holder can be
heated using graphite heating elements.
Throughout the experiments, a consistent
working pressure of 0.65 Pa was maintained,
with a total argon (Ar) gas flow rate of 20
standard cubic centimeters per minute (sccm).
The substrate temperature was adjustable,
ranging from room temperature (RT) to as high
as 480 °C. An RF power bias was employed for
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effective sputter cleaning of the substrate surface.

Figure 2 shows a schematic illustrating the
cathodic arc evaporation (CAE) process used for
depositing the TiSiN coatings. This diagram
serves as a visual guide to the deposition method.
The process is detailed as follows. The TiSiN
coating deposition started with a 5-min step for a
pure titanium (Ti) layer. During this stage, the
substrate was maintained at a bias voltage of -200
V, and the Ti cathode current varied between 120
and 140 A. Subsequently, the primary TiSiN top
layer was deposited over an extended period of
90 min. This layer was created using a dedicated
TiSi cathode, with arc currents ranging between
120 and 140 A. The bias voltages were adjusted
between 8 and 130 A. Of significance is the
continuous rotation of the substrate during all
deposition phases, maintaining a consistent speed
of 20 revolutions per minute (rpm). This rotation
ensures a uniform and even distribution of the
coating. Throughout the deposition process, the
substrate temperature remained constant at
480°C, ensuring appropriate conditions for the

successful deposition of the TiSiN coatings.
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Figure 2. Schematic diagram of cathodic arc evaporation
(The authors)

Figure 3 presents a schematic diagram that
outlines the deposition process for both diamond-
like carbon (DLC) and TiSiN/DLC hybrid
coatings. This diagram provides a visual
representation of the respective processes. The
process details are as follows. The filtered
cathodic vacuum arc (FCVA) method was
employed. The process involved the sputtering of
a Ti interlayer onto the substrate using DC
magnetron sputtering. The substrate temperature
was meticulously maintained at 170°C
throughout the procedure. The distance between
the substrate and Ti target was maintained at 80
mm. To establish an appropriate vacuum
environment, the chamber was evacuated until it
reached a base pressure of 3.0 x 10 Pa. The
substrates were then subjected to a 20-min Ar ion
etching process to ensure proper substrate
preparation. During the deposition of the DLC

coatings, the cathodes operated at a DC arc
current that ranged from 60 to 100 A. A normal
bias voltage of -1500 to -1700 V was applied
during the deposition.
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Figure 3. Schematic of the DLC and TiSiN/DLC coating
deposition process (The authors)

To characterize the coatings, various
techniques were employed. The phase
identification of the resulting coatings was
performed using a Rigaku X-ray diffractometer
(Miniflex 2). Scanning electron microscopy
(SEM) was conducted with a Quanta 450
instrument, and energy-dispersive spectroscopy
(EDS) analysis was performed using the Oxford
INCA-350 system. Coating thickness
measurements were performed by creating a ball
crater on the coating surface using the Calotest
machine manufactured by Anton Paar. Surface
roughness was examined using atomic force
microscopy (AFM), and an indentation test was
conducted using a  Fischer = HM2000
microhardness tester. A flowchart illustrating the
characterization process for the coatings is
presented in Figure 4.
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Figure 4. Flowchart of coating characterization (The
authors)

I11. RESULTS AND DISCUSSION

A. SEM Analysis

To analyze the morphology of the TiSiN,
DLC, and TiSiN/DLC hybrid coatings, we
present the following figures:
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Figure 5. SEM of the morphology of (a) TiSiN, (b) DLC,
and (c) TiSiN/DLC coatings (The authors)

Figure 5 provides scanning electron
microscope (SEM) images illustrating the
morphology of the resultant coatings. It is evident
from these images that the surface morphologies
of the TiSiN coatings exhibit several
macroparticles. In  contrast, the surface
morphologies of the DLC and TiSiN/DLC
coatings appear much smoother and show less
porosity than that of the TiSiN coatings.

B. AFM Analysis

In Figure 6, we present atomic force
microscope (AFM) images that further depict the
morphology of the resultant coatings. These
AFM images confirm the structure of the
respective coatings. Notably, although TiSiN
coatings exhibit higher surface roughness values,
the AFM image reveals a dense morphology,

contributing to their super high hardness
compared with that of DLC coatings.

0.40 ym

-0.17 ym

(b)

(c)
Figure 6. AFM of the morphology of (a) TiSiN, (b) DLC,
and (c) TiSiN/DLC coatings (The authors)

The observed differences in surface
morphology, as demonstrated by SEM and AFM
images, play a significant role in the mechanical
properties of these coatings. The dense
morphology of TiSiN contributes to its
exceptional hardness, making it suitable for
various industrial applications. The smoother and
less porous surfaces of the DLC and TiSiN/DLC
hybrid coatings may indicate improved hardness
and modulus, making them valuable in cutting
tools or applications. In summary, the analysis of
coating morphology provides valuable insights
into the structure and properties of TiSiN, DLC,
and TiSiN/DLC hybrid coatings. These findings
are crucial for understanding their performance in
various industrial applications.

C. XRD Analysis

XRD analysis was conducted to determine the
crystallographic orientations and phases of the
TiSiN, DLC, and TiSiN/DLC coatings. The data
revealed the presence of specific crystallographic
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orientations for each coating.

Figure 7 displays the XRD patterns of the
TiSiN, DLC, and TiSiN/DLC coatings. The
patterns show distinctive peaks associated with
the crystallographic orientations of the coatings.
Notably, the observed peak orientations for each
coating are summarized in Table 2. Commonly
observed peaks in the XRD pattern of TiSiN
coatings include those associated with titanium
nitride (TiN) and silicon nitride (Si3N,) phases.
These peaks are typically indexed according to
the Miller indices of the corresponding
crystallographic planes. These observations
contribute to our understanding of the structural
properties and composition of the coatings,
providing insights into their —mechanical
characteristics and potential applications. The
presence of a single peak in the XRD patterns
suggests a fiber texture with preferred (111),
(110), and (200) orientations in the TiSiN
coatings. This observation aligns with the
findings in the literature, where most TiSiN
coatings are reported to display hexagonal phase

Table 2.

patterns with a preferred (111) and (200)
orientation [6], [7]. (111) and (200) oriented
coatings are known to yield the highest hardness.
This trend is also observed in the DLC coatings.
The (111) plane, which has the highest packing
factor, requires energetic adatoms to create such
an orientation.

(111) (110)

(200)
TiSiN

Intensity (a.u.)

H ' TiSiN+DLC

10 20 30 40 50 60 70 80 9
2 Theta (degree)
Figure 7. Patterns of XRD of the resultant coatings (The
authors)

Thickness, surface roughness, and orientation of the resultant coatings (The authors)

Coatings Thickness

Surface roughness

Orientation

Mean

RMS

(um) (nm)

(nm)

TiSiN 1.6 35.96

5545 (111),(110), and (200)

DLC 1.0 5.65

7.75 (111) and (110)

TiSiN/DLC 1.8 24.60

36.74  (111), (110), and (200)

These findings underscore the significance of
crystallographic orientation in influencing the
mechanical properties of the coatings. Further
research into optimizing orientation can have
implications for the performance of TiSiN and
DLC coatings.

D. Raman Analysis

Raman spectra were recorded to confirm the
DLC nature of the deposited granular protrusions.

Figure 8 presents the Raman spectra of the
specimen surfaces, showcasing the granular
protrusions of carbon (C) and those with a C film
without mask material. The Raman waveforms
displayed two distinct peaks near 1540 cm™ (G
band) and 1330 cm™ (D band). These
characteristic peaks confirm the DLC nature of
the deposited granular protrusions [10], [11].
This Raman analysis provides further evidence of
the DLC nature of the coatings and is consistent
with the expectations for DLC materials. The
presence of G and D bands indicates the graphitic
and disordered carbon structures commonly
associated with DLC.

2500

——DLC
TiSiN/DLC

2000

1500

1000 |

Intensity (a.u.)

, L B e,

0 500 1000 1500 2000 2500 3000 3500 4000
Raman shift (cm™)

Figure 8. Patterns of Raman spectroscopy of the DLC and
TiSiN/DLC coatings (The authors)

E. Calotest

Calotest analysis is a valuable technique for
measuring the thickness of surface coatings. It
offers precise and reliable measurements that are
essential for quality control and ensuring coating
uniformity in various industrial applications. This
method is particularly well suited for industries
where coating thickness plays a critical role in
performance and durability, such as automotive,
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aerospace, and surface engineering. The ability to
accurately measure coating thickness is essential
for meeting industry standards, optimizing
performance, and ensuring the longevity of
coated components in diverse industrial settings.

Figure 9 displays Calotest images of the
coatings. The Calotest results revealed
differences in the coating thickness. Specifically,
the DLC coatings exhibited a thickness
approximately 1 pm less than the other coatings.
The TiSiN coatings had a thickness of
approximately 1.6 pum, while the TiSiN/DLC
hybrid coatings had a thickness of approximately
1.8 um. These variations in coating thickness can
have implications for the mechanical properties
of the coatings and their suitability for specific
applications.

@)T

il

(b) DLC coatings

(c) TiSiN/DLC coatings
Figure 9. Calotest images of the resultant coatings (The
authors)

F. Nanoindentation Test

The mechanical properties of thin films and
coatings, including hardness and modulus, were
examined using a conventional indentation
technique. This method allows the determination

of the intrinsic mechanical properties of the
coatings.

Figure 10 presents nanoindentation images of
the TiSiN, DLC, and TiSiN/DLC coatings. These
images were obtained under a load of 25 mN,
allowing for a detailed examination of the
indentation behavior of the coatings.

(b)

(©
Figure 10. Nanoindentation images of (a) TiSiN, (b) DLC,
and (c) TiSiN/DLC coatings (The authors)

Figure 11 displays the loading and unloading
curves of the TiSiN, DLC, and TiSiN/DLC
coatings. These curves illustrate the relationship
between the applied load and the indentation
depth of the coatings. The indentation tests were
conducted at various indentation depths,
considering the thin coating thickness (as shown
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in Table 1), to minimize the substrate effect.

25+ —TiSiN
——DLC

w0k T TiSiN/DLC

Load(mN)

10 F

0 20 40 60 80 100
Depth(nm)

Figure 11. Loading and unloading curves for the resultant

coatings (The authors)

Figure 12 shows the mechanical properties of
the coatings, including hardness and elastic
modulus. The corresponding data  are
summarized in Table 3.

60 500
“Hardness -#Elastic Modulus

5
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0 0
TiSiN DLC TiSiN/DLC

Figure 12. Hardness and elastic modulus of the resultant
coatings (The authors)

Table 3.
Mechanical properties of the resultant coatings (The authors)

Coatings Hardness Elastic Modulus H/E
(Hyr) (Er)
GPa GPa
TiSiN 40.2 405.2 0.0992
DLC 313 336.7 0.0930
TiSiN/DLC  32.2 356.8 0.0902

Notably, the TiSiN coatings exhibited
remarkable mechanical properties, achieving a
maximum superhardness with a hardness value of
40.2 GPa, an elastic modulus of 405.2 GPa, and
an H/E ratio of 0.0992. The TiSiN/DLC hybrid
coatings demonstrated an improvement in both
hardness and elastic modulus compared with the
DLC coatings, with a hardness of 32.2 GPa and
an elastic modulus of 356.8 GPa. The TiSiN and
TiSiN/DLC coatings with (111) and (200)
orientations demonstrate higher hardness and
modulus values than those reported by [6], [7],
[8].
These findings underscore the superior
mechanical performance of the TiSiN coating,
with the TiSiN/DLC hybrid coatings also

offering significant enhancements compared with
the DLC coatings. These results are of great
significance for applications where hardness and
mechanical properties are critical, such as cutting
tools in various industries.

IV. CONCLUSION

In this study, the cathodic arc technique was
used to successfully fabricate TiSiN superhard,
DLC, and innovative TiSiN/DLC hybrid coatings
on tungsten carbide insert cutting tools. The
resultant coatings were extensively characterized
and evaluated for their structural and intrinsic
mechanical properties through nanoindentation
testing. The key findings from our experiments
can be summarized as follows:

1) Surface morphological analysis using SEM
and AFM revealed that the TiSiN coatings
effectively inhibited macroparticles, whereas the
DLC and TiSiN/DLC hybrid coatings exhibited
smoother surfaces with greater density and
reduced porosity. Notably, the TiSiN/DLC hybrid
coatings exhibited improved surface roughness
compared with the TiSiN coatings.

2) The XRD patterns revealed that both TiSiN
and TiSiN/DLC hybrid coatings exhibited a
preferred orientation along the (111) and (200)
crystallographic planes. This orientation was
associated with their exceptional hardness and
elastic modulus in combination with the
substrate. Specifically, the (111) and (200)
orientations in the TiSiN and TiSiN/DLC hybrid
coatings played a crucial role in achieving their
impressive hardness and mechanical properties.

3) Raman spectroscopy results confirmed the
DLC nature of the coatings, with characteristic G
and D bands confirming their graphitic and
disordered carbon structures.

4) Calotest analysis indicated that the DLC
coatings were very thin, approximately 1 pm,
while the TiSiN/DLC hybrid coatings had a
thickness of around 1.8 pm, contributing to their
exceptional mechanical properties.

5) Nanoindentation tests showed that the
TiSiN coatings achieved a remarkable hardness
(HIT) of 40.2 GPa and an elastic modulus of
405.2 GPa through optimized coating conditions.
The novel TiSiN/DLC hybrid coatings exhibited
enhanced mechanical properties, particularly in
terms of hardness and elastic modulus, surpassing
those of DLC coatings, making them appealing
for various industrial applications.

For accurate nanoindentation testing, it is
crucial to ensure that the indentation depth does
not exceed 10% of the coating thickness. Going
beyond this limit may introduce substrate effects
and result in a rapid decrease in hardness values.
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In conclusion, this study underscores the
promising potential of TiSiN/DLC hybrid
coatings for various industrial applications where
the performance -characteristics of superhard
coatings are essential, as seen in TiSiN coatings.
Future research should focus on further
enhancing the exceptional mechanical and
tribological properties and corrosion resistance of
these coatings, making them valuable candidates
for improving the performance and durability of
critical components in cutting tools, automotive

applications, medical implants, and other
applicable fields.
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