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Abstract

This research studied the fabrication and characterization of intrinsic mechanical properties of
resultant TiSiN, DLC (low-normal-high voltage bias), and TiSiN/DLC coatings deposited by the filtered
cathodic arc technique. The morphology, structural, and mechanical properties of the resulting coatings
were examined and characterized by conventional SEM, AFM, XRD, nanoindentation, and micro-scratch
approaches. The experimental results show that all coatings can achieve very high hardness and good
adhesion. TiSiN emerges as the most promising coating, demonstrating superior mechanical properties
such as high hardness as a superhard coating, high elastic modulus, and high critical load to the coating
failure (Lc). The preferred (111) orientation can be found in all coatings, resulting in high hardness and
adhesion. For DLC coatings, the increment of bias voltage is affected to enhance the mechanical
properties. The deposition process could be controlled to produce a hybrid TiSiN/DLC coating with both
high hardness and good adhesion strength, demonstrating the advantages of combining TiSiN and DLC.
The overall mechanical performance attests to viability of the application of advanced coatings with
enhanced mechanical resilience.

Keywords: titanium silicon nitride coatings, dimond-like carbon coatings, titanium silicon nitride/dimond-like
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l. INTRODUCTION dies industries acknowledge that the coating

Generally speaking, a hard coating applied to methoq can help_ to rgduce lost due to wear and
the surface of another material plays a major role corrosion in engineering components [4-6]. The
in enhancing its durability, scratch resistance, and quest of finding the optimization of coating
improved performance, such as mechanical parameters will be studied to achl_eve b(_)th high
properties [1-3]. There are many applications for hardngss and quulus and the tribological and
thin, hard, protective, and wear-resistant coatings corrosion properties.
in metal cutting tools. The invention of low- In this_investigation, attempts were made to
temperature physical vapor deposition (PVD) fabricate TiSiN, DLC (low, normal, and high
techniques such as cathodic arc has made the voltage bias), and TiSIN/DLC coatings on
deposition of various hard, protective, and wear- tungsten carbide tool steel substrate under
resistant coatings to commercial substrate tool various controlled parameters. CharacFerlzatlon
steel promising. The aim of expanding the tool of the structures and mechgmcal properties of the
lifetime can be achieved by applying appropriate resultant coatings was carried out.
deposition approaches  with  deposition
conditions. I1. EXPERIMENTAL PROCEDURE

In the process of coating materials selection, In this study, the tungsten carbide (WC) tool
titanium silicon nitride (TiSiN) and dimond-like steel substrate was chosen. The specimen surface
carbon (DLC) were specifically chosen. Both was manually ground and polished. The WC
TiSiN and DLC are commonly studied with substrates were then ultrasonically cleaned with
actual uses in commercial markets because they acetone and ethanol before being charged into the
possess many interesting physical, mechanical, deposition chamber. A cathodic arc system
and chemical properties, such as high hardness, supplied by Diacoat Technologies Co., Ltd. was
good elastic modulus, and low coefficient of used for deposition, as shown in Figure 1.

friction. Currently, material processing tools and
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(a) TiSiN (b) Low DLC (c) Normal DLC (d) High DLC (e) TiSIN/DLC
Figure 1. (a) TiSiN, (b) low DLC, (c) normal DLC, (d) high DLC, and (e) TiSiN/DLC coatings on tungsten carbide (Developed
by the authors)

The system consists of a cylindrical chamber temperature can be changed from room
with three 4-inch water-cooled target holders temperature (RT) until 480°C. An RF power
tilted at approximately 30 degree with respect to biased to the substrate was used to sputter clean
the normal of the horizontal substrate holder, the substrate surface.
which can be heated by graphite heating For the TiSiN coatings, the deposition of a
elements. All the experiments were conducted at pure Ti layer was conducted for 5 min at a bias
a constant working pressure of 0.65 Pa and a total voltage of the substrate of -200 V and a Ti

gas flow rate (Ar) of 20 sccm. The substrate cathode current of 120 to 140 A. The TiSiN top
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layer was deposited for 90 min using a TiSi
cathode with an arc current of 120-140 A and
bias between 8 and 130 A. During all deposition
steps, the substrate was rotated, and the rotating
speed of the samples was set to 20 rpm. The
substrate coating temperature at 480°C.

DLC and TIiSiN/DLC coatings were
fabricated using the filtered cathodic vacuum arc
(FCVA), as shown in Figure 2. The Ti interlayer
was sputtered using DC magnetron sputtering
with the substrate temperature at 170°C. The
substrate-to-Ti target distance was 80 mm. The
vacuum chamber is evacuated to a base pressure
of 3.0 x 10 Pa. The substrates were etched for
20 min in Ar ions. The cathodes were operated
using a DC arc current of 60 to 100 A. Three
different DC bias voltages from -1000 to -2000 V
were introduced during deposition: low bias at -
1000 V, normal bias at -1500 to -1700 V, and
high bias at -1900 to -2000 V.

...................................
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Figure 2. Schematic of the filtered cathodic vacuum arc
(FCVA) coating deposition process (Developed by the
authors)

—

Holder

The experiments were conducted to study the
effect of various parameters on the structure and
properties of TiSiN, DLC, and TiSiN/DLC
coatings with a Ti interlayer. The purpose of
depositing a thin Ti interfacial layer by sputtering
a pure Ti target for a few minutes is to increase
the adhesion between the WC substrate and top
coating, as shown in Figure 3.

' ‘ === TiSiN
= Ti

Substrate
(a) TiSiN

Substrate
(b) DLC
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Figure 3. Schematic of the TiSiN, DLC, and TiSiN/DLC
coatings (Developed by the authors)

The phase identification of the resultant
coatings was examined using a Rigaku X-ray
diffractometer (Miniflex 2). Scanning electron
microscopy (SEM, Quanta 450) and energy
dispersive spectroscopy were conducted by
Oxford INCA-350. The coating thickness was
measured by making a ball crater on the coating
surface using a Calotest machine manufactured
by Anton Paar. The roughness of the surfaces
was imaged using atomic force microscopy
(AFM). The indentation test was performed using
a nanoindentation test using the Fischer HM2000
model. The micro-scratch test was performed
using the single-pass scratch mode with micro-
scratch using the Fischer ST200 model, as shown
in Figure 4.

[ Tungsten carbide (WC) |

Coating Deposition

- TSN

- DLC Low Bias

- DLC Normal Bias
- DLC High Bias

- TiSiNDLC

| l

Structural Properties Mechanical properties

- SEM

- Nanoindentation

-EDS - Micro-Scratch Tester

- AFM

-XRD

- Raman Spectroscopy

- Calotest

Figure 4. Flow diagram of TiSiN, DLC (low, normal and
high bias), and TiSiN/DLC coating characterization
(Developed by the authors)

I1l. RESULTS AND DISCUSSION

A. Structural Characterization

Table 1 summarizes the properties of the
resultant coatings. X-ray diffraction analysis
(Figure 5) shows that all the TiSiN, DLC, and
TiSIN/DLC coatings exhibit broad diffraction
peaks corresponding to the TiSiN, DLC, and
TiSiN/DLC phases, irrespective of the deposition
temperature. Small peaks of Ti were also found,
as expected, which are from the Ti interlayer.
The presence of a single peak suggests a fiber
texture with preferred (111), (110), and (200)
orientations in the TiSiN coatings.



Apithan Kitjindarnon et al. Fabrication and Mechanical Characterization of TiSiN, DLC, and TiSiN/DLC Coatings Deposited by
the Filtered Cathodic Arc Technique, Vol. 59 No. 1, February, 2024

Table 1.
Summary of the resultant coating properties (Developed by the authors)
Coatings Coating Roughness Coating Texture  Hardness  Elastic Modulus  Critical Load
Material Thickness (um) RMS (nm) (GPa) (GPa) (mN)
TiSiN 1.56 46.07 (111), (110), 40.9 362 80.66
(200)
DLC (Low 1.02 9.17 (111), (110) 31.8 335 42.99
Bias)
DLC(Normal  1.02 8.10 (111), (110) 34.2 294 50.19
Bias)
DLC (High 1.03 9.97 (111), (110) 36.0 333 41.27
Bias)
TiSiN/DLC 1.77 36.74 (111), (110), 36.2 320 55.80
(200)

(111) (200)(110)

_/\_ TISIN

O E—— ! W e
TiSiN+DLC

JRS—— '\H_J\‘ . “ S VNS iV W S

)\—Jt DLC nght

omal
Y S
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A WV, S S

10 20 30 40 50 60 70 80 920
2 Theta (degree)
Figure 5. XRD patterns generated from TiSiN, DLC, and
TiSiN/DLC coatings with a Ti interlayer (Developed by the
authors)

Intensity (a.u.)

From the literature, most of the reported
TiSiN coatings display patterns of the hexagonal
phase with a preferred (111) orientation [7, 8],
and the (111)-oriented coatings Yyield the highest
hardness [8, 9]. This is the same pattern as DLC.
Since the (111) plane has the highest packing
factor, energetic adatoms are required to create
such an orientation. To enhance the development
of the desired (111) orientation for DLC, 3
different biasing powers were studied.

It was found that the higher the biasing power,
the more the desired (111) orientation, as shown
in Figure 5.

The coating morphology was studied. Figure
6 shows the morphology of (a) TiSiN, (b) low
DLC, (c) normal DLC, (d) high DLC, and (e)
TiSiN/DLC coatings. It can be seen that the
surface morphology of the TiSiN film showed
several macro-particles, whereas the surface
morphology of the DLC film was much smoother
and less porous than TiSiN, resulting in the
roughness of the resultant coatings summarized
in Table 1.
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: 43 nm

) -19 nm

(c) DLC normal bias

21 nm
-26 nm
(d) DLC high bias
"~ (e) TISIN/DLC
Figure 6. SEM of the morphology of (a) TiSiN, (b) low 0.39 pm
DLC, (c) normal DLC, (d) high DLC, and (e) TiSiN/DLC _
coatings (Developed by the authors) -0.17 pm
The AFM images of the morphology of the
TiSiN and DLC coatings in Figure 7 confirm the :
structure of t_he populated coating. Although (&) TISIN/DLC
TiSiN has a higher value of surface roughness, Figure 7. AFM of the morphology of (a) TiSiN, (b) low
the AFM image shows a dense morphology, DLC, (c) normal DLC, (d) high DLC, and (e) TiSiN/DLC

which resulted in super high hardness compared coatings (Developed by the authors)

to DLC, as shown in Table 1.
B. Coating Properties

1) Nanoindentation Test
The mechanical properties of the thin
0.40 um film/coatings, such as hardness, were examined
Siam using a conventional indentation technique so
that the intrinsic mechanical properties of the
coating could be achieved. Figure 8 shows the
relationship between the load applied and the
indentation depth of the coatings. Although
(a) TiSiN indentation was tested at various indentation
depths, due to the thin coating thickness (Table 1)
and the substrate effect exclusion, the hardness
and elastic modulus values summarized in Table
1 were achieved from a 100-nm depth for all
tests. It can be seen that the TiSiN coatings with
22 nm (111) orientations exhibit hardness and modulus
values higher than those reported by other
investigators [10]. The DLC coatings with (111)
orientations also exhibit hardness and modulus
values. The hardness and modulus values of the
resultant coatings are presented in Figure 9. For
DLC coatings, it can be seen that a higher biasing

[ 14 nm

(b) D'LC low bias

175



Apithan Kitjindarnon et al. Fabrication and Mechanical Characterization of TiSiN, DLC, and TiSiN/DLC Coatings Deposited by
the Filtered Cathodic Arc Technique, Vol. 59 No. 1, February, 2024

power promotes higher hardness and modulus
values. This low hardness achieved from the low
biasing power is due to the poor orientation,
small thickness, and poor adhesion of the coating.

e TSN
e DLC Low
e DLC Normal
= DLC High
e TiSIN/DLC

Sk

a
T

Load(mN)
-

- i 1

0 20 40 5 80
Depth(nm)

Figure 8. Load-displacement curves of the resultant coatings

(Developed by the authors)
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Figure 9. Hardness and elastic modulus of the resultant

coatings (Developed by the authors)

2) Micro-Scratch Test

Coating adhesion was tested using a
conventional micro-scratch adhesion test. This
scratch technique is commonly used to find and
evaluate the critical load for coating failure (Lc)
by plotting friction force against load. Optical
microscopic examinations were also used to
confirm the results from the friction curve. The
results are summarized in Table 1.

As expected, because all DLC coatings have a
very thin coating thickness, adhesive failure
could be found easier compared to TiSiN and
TiSiN/DLC coatings. The critical load, LC, for
adhesive failure of these DLC coatings was found
to be low, in the range of 41-50 mN (Table 1).
No correlation was found between LC and
biasing power. Figure 10 shows typical scratch
tracks measured by optical microscopy, in which
the mechanism of coating failure can be
observed. From Table 1, it can be seen that the
critical load was measured to be 80.66 mN in the
TiSiN coatings, which also exhibit the highest
hardness and modulus.

b) DLC low bias

c) DLC normal bias
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e) TiSiN/DLC
Figure 10. Optical images of the scratch test of TiSiN/DLC coatings (Developed by the authors)

IV. CONCLUSION

Based on the experiments, the main results are
summarized as follows:

(1) TiSiN, DLC (low, normal and high bias),
and TiSIN/DLC hybrid coatings can be produced
by the filtered cathodic arc technique, showing
(111) orientations and having high hardness and
adhesion with the substrate.

(2) The fabrication of a super-hard coating at
40.9 GPa for a TiSiN coating can be achieved by
optimizing the coating conditions.

(3) The hardness and elastic modulus of DLC
coatings are significantly affected by the biasing
power during deposition, and a higher biasing
power provides higher hardness and modulus.

(4) The biasing power does not affect
adhesion with the substrate.

(5) The deposition process could be optimized
to fabricate TiSIN/DLC coatings with high
hardness and good adhesion strength.
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