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ABSTRACT

This study determines the mechanical and
tribological properties of Diamond-Like Carbon
(DLC), DLC doped titanium (DLC-Ti) and
hydrogenated DLC doped titanium (DLC-CH-Ti)
coatings. These coatings are deposited on a high-speed
steel substrate (SKH51) wusing Closed Field
Unbalanced Magnetron Sputtering (CFUBMS). GDS
and EDX analysis shows that when acetylene flow rate
is added in deposited chamber, the content of the
metallic element (titanium) decreases. The surface
morphology for all coatings exhibits a clustered
morphology. The XPS analysis at the C1s core level
shows that the C-C sp® ratio increases as that acetylene
gas and the titanium content are added. The DLC-CH-
Ti coating has the optimal mechanical and tribological
properties, with a wear rate of 0.09 (10-°mm?3Nm) and
a friction coefficient of 0.11as sliding against an Al,O3
ball. These results are much better than those for the
other coatings. The wear rate is 194 times less than that
for the substrate alone and the corrosion resistance of
the coatings is better than that for the original substrate.

INTRODUCTION

The basic physical, mechanical and tribological
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properties of diamond-like carbon (DLC) coatings
have been the subject of many studies (Bewilogua et
al., 2000; Corbella et al., 2005; Hung et al., 2015;
Petersen et al., 2011; Strondl, 2003; Wu and Ting,
2002).The coatings exhibit high hardness, a low
coefficient of friction, high wear resistance and
chemical inertness (Andersson et al., 2003; Spear and
Dismukes, 1994; Kodali et al., 1997; Ronkainen et al.,
1998), and they protect the opposing rubbing surface
from significant wear without the use of a lubricant.
This combination of properties means that DLC
coatings are applicable in a variety of tribological
applications, such as DLC coatings on cutting tools
and micro-drills (Hsu et al., 2013).

DLC coatings are extremely common in industry
meet the increasingly stringent application
requirements for advanced machining, where coatings
must have a low coefficient of friction and high wear
resistance. Lin et al. (2014) reported that oscillating
waveforms can be used to deposit DLC that has high
hardness and a low wear rate. Muencivondy et al.
(2014) used high-power impulse magnetron sputtering
and a multi-layer composite film to deposit DLC. The
adhesion ~ hardness and wear resistance are 1.75 times
better than the normal DLC.

DLC coatings can be deposited on many
materials. Bui et al. (2008) deposited Ti-DLC coatings
on HNBR rubber, in order to increase the wear
resistance of the rubber surface. Silva et al. (2011)
deposited DLC and types of coatings to protect a glass
fiber substrate.

DLC coatings exhibit a large intrinsic
compressive stress. This stress causes poor adhesion at
the coating-to-substrate interface (Robertson, 2002),
which limits that coating’s applications. A number of
methods minimize this effect. If an interlayer is used
between the substrate and the coating or a graded layer
or multi-layered coating, this problem is mitigated
(Jeon and Kim, 2007; Wei and Yen, 2007). Some
modeling results also demonstrate the positive effect
of intermediate layers (Goryacheva and Torskaya,



2016). This study deposits a metal interlayer onto the
substrate and then deposits a progressive layer. The
main coating is finally deposited onto the progressive
layer.

Amorphous hydrogenated carbon (a-C:H) and
metal that contains diamond-like carbon (Me-DLC)
are used to improve the properties of DLC. The a-C:H
is a type of DLC, which is deposited using a
hydrocarbon gas. Gases such as methane, acetylene or
benzene can be used. The a-C:H coating composite
with increased hydrogen creates a carbon structure that
exhibits more C-H bonding, so the carbon structure
features less compressive stress. If the concentration
of hydrogen is controlled, the compressive stress is
reduced and there is better adhesion (Robertson, 1994).

Metal that contains diamond-like carbon (Me-
DLC) is also a type of DLC coating. Alloying using
carbide-forming metals results in an increase in
strength because nano-sized carbide inclusions are
created. If Si is added to a-C:H the stress is decreased
and the friction coefficient is reduced (Oguri and Arai,
1991). The addition of a metal element has been shown
to improve the properties of DLC. Ronkasinen et al.
(2001) reported that Ti-DLC:H coatings exhibit
excellent self-lubricating properties and have a
coefficient of friction of 0.10 and demonstrated that Ti
improves the performance of the DLC:H coatings
(Ronkainen et al., 2001).

There are many methods of improving the
properties of DLC coatings. Although the mechanical
and tribological properties of DLC ~ a-C:H and Me-
DLC have been the subject of many studies, the
authors find that these types of coatings have seldom
been compared. This study deposits DLC coatings on
SKH51 steel substrate using CFUBMS, with titanium
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metal or acetylene gas, and determines the mechanical
and tribological properties of the coatings.

EXPERIMENTAL DETAILS

Preparation of the Coatings

This study uses CFUBM to produce DLC
coatings and other series on SKH51 disks (HRC 65)
substrate. The unbalanced magnetron sputtering
system contains three graphite targets and one titanium
target (Target size: 300 mm x 109 mm x 10 mm).
Acetylene gas was used as the hydrocarbon gas.
Before deposition of the DLC coatings, the surface of
the SKHS51 substrates were polished with Ra=0.08 pm,
ultrasonically cleaned in acetone and bombarded with
argon ions for 20 min at a bias voltage -340 V. After
bombardment, a pure titanium layer was deposited to
serve as an interface with the substrate. The substrate
was rotated at 3 rpm, in order to increase adhesion
between the substrate and the coating.

The coating experiment has two parts. Firstly,

O0A and 1A titanium target currents were used to
deposit DLC and DLC-Ti coatings. Acetylene gas at a
flow rate of 8 sccm was then used to deposit the DLC-
CH-Ti coatings. The parameters for this process (target
currents ~ gas flow rate) were determined in previous
studies by the authors ( Kao et al., 2010; Kao et al.,
2015). Figure 1 shows each stage of the deposition of
the coating on the substrate. The deposition parameters
are listed in Table 1. For DLC-CH-Ti, the substrate
bias was -80V for all deposition process. For DLC and
DLC-Ti, the substrate bias was -80V for the interface
and the progressive layer and -40V for the main
coating.

Table 1. Sputtering parameters

Stage Code Deposition parameters
Ti target C target C:H:flow  Deposition Fixed parameters
current Current rate time
(A) (A) (sccm) (mn)
Interlayer 1 0 0 10
Pmlgressn'e 1 2 0 6
ayer
Ar flow rate: 30
DLC 0 55 0 120 sccm, rotation speed:
- - 3 rpm,
Main DLC-Ti 1 25 0 120
coating
DLC-CH-T1 1 25 8 120

-12-
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— Main coating

e

— Substrate

Prograsive layer

Interlayer

Fig. 1. The stages for the deposition of a coating on a
substrate.

Characterization of Coatings
The structure of the DLC coatings was
characterized using a variety of analytical techniques.
Raman spectroscopy was used to determine the
bonding structure of the coatings. The spectra were
recorded at room temperature in backscattering
geometry over a range of 1000-2000 cm?, using an Ar-
ion laser (A = 514 nm) operating at a power of 20mW.
A microprobe was configured to produce a spot size of
about 1 pm.-The peak intensity was calculated and the
change in the position of the peak and the FWHM were
used to determine the bonding structure of the coatings.
The chemical composition of the coatings was
determined using glow discharge spectrometry (GDS)
and the chemical bonding was analyzed using X-ray
photoelectron spectroscopy (XPS) with a light source
of Al Ko, operating at a wavelength of 100 um and the
bounding energy was scanned in the range, 0 to 1400
eV. The Gaussian-Lorentzian method was used to
calculate the XPS spectrum, using Origin Lab software,

200nm
T

in order to determine the chemical bonding ratio for
the coatings.

Mechanical ~ Adhesive ~ Tribological ~ Oxidative
and Anti-corrosive Properties

The mechanical and adhesive properties were
respectively determined using nano-indentation and a
scratch tester. The nano indenter (LBI Nanoindenter,
UNAT-M, Germany) test on the surface of the coating
was repeated five times, using a load of 10 mN, in
order to measure the hardness and the Young's
modulus. The scratch tester used a diamond cone with
a diameter of 300 pm and a load that increased at a rate
of 1 N per second, from ON to 100 N, for a scratch
distance of 10 mm. SEM was used to determine the
point on the scratch scar at which the coating was
broken, in order to determine the critical load (Lc). A
critical load demonstrates better adhesion between the
coating and the substrate. The tribological properties
were measured using a ball-on-disk tribometer in an
ambient environment. SKH51 was coated and used
against the ball (uncoated Al,O3 ball) under a 10N load
and at sliding speed of 0.3m/s for 5000 rotations. The
coefficient of friction was then recorded. White light
interferometry (WLI) was used to measure the wear
depth and the cross sectional area of the wear. The
product of the cross sectional area of the wear and the
circumference of the wear trace gives the wear volume.

The wear rate is calculated as: ( wear rate =
wear volume )

normal load x sliding distance

Fig. 2. The surface morphology of the coatings: (a) DLC, (b) DLC-Ti and (¢) DLC-CH-Ti.
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Table 2. The C1s result for X-ray photoelectron spectroscopy

Sample C-C Sp(%) C=C Sp*(%) C-0(%) C-Ti(%)
DLC 11.9 85.93 2.16
H-DLC 18.82 75.1 6.08
DLC-Ti 22.85 77.63 3.77 0.1
H-DLC-Ti 25.96 72.77 6.62 0.1
DLC-CH-Ti 31.51 72.07 397 0.1
H-DLC-CH-Ti 17.62 75.56 9.46 0.1

“H-" means the coating after heat treatment

High temperature tests were used to determine
resistance to oxidization. An electric furnace (Type
FB1300) was heated to 250°C and the co ~ atings were
baked for an hour, before they were cooled to room
temperature. The heated coatings are signified by an
“H-" prefix: H-DLC ~ H-DLC-Ti and H-DLC-CH-Ti.

The electrochemical tests were performed in 0.9
wt.% NaCl solution at room temperature, using a
potentiostat (ECW-5000, Jiehan, Taiwan). The test
area was 1 cm? The open circuit potential was
measured for 60 seconds before the potentiodynamic
polarization tests were initiated and the electrode
potential was found to increase from —1V to 3V at a
scanning rate of 1 mV/s. Tafel extrapolation was used
to determine the anti-corrosion properties for all of the
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coatings after the tests. The surface morphology was
observed using SEM.

RESULT

Structure and Chemical Composition

Figure 2 shows the surface morphology. All
coatings have a clustered morphology, possibly
because the energy that is used to bombard the surface
is not sufficiently great, so the structure of the coatings
is loose and forms this clustered morphology (Zheng
et al., 2014). The plot of titanium content versus glow
discharge spectrometry (GDS) shows that DLC-Ti has

D peak G peak

EREsILY Lilan. )

T T
i) 1200 1400 1600 1800 2000

Wave number {cm™')

Fig. 3. Raman spectra before heat treatment: (a) DLC (b) DLC-Ti (c) DLC-CH-Ti.
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Sample pos]i:t)icljrf?ckm'lj G peak position(cm™) F\&%Iﬁf{aclr{n'lj DG
DLC 1364.1 1581 117.7 1.39
H-DLC 13903 1584 8 1052 1.06
DLC-T1 13913 1571.9 114.9 1.39
H-DLC-Ti 13911 15727 1139 1.44
DLC-CH-T: 13955 15711 96.1 1.24
H-DLC-CH-Ti 13909 15742 1238 148

“H-" means the coating after heat treatment

Table 3. Results for the Raman spectra before and after heat treatment

the highest titanium content, at 16 at %. The DLC-CH-
Ti coating has a titanium content of only about 5 at %.
The titanium content decreases as the acetylene gas
was added into deposited chamber, because the target
surface is strongly bombarded with Ar+ ions, so more
Ti atoms are sputtered when the only Ar flow, which
leads to an increase in Ti concentration. When the
C2H: flow is added into the chamber, the target surface
is covered by carbon from ionized C,H,, which causes
a decrease in Ti concentration (Cui, 2012).

Table 2 shows the results of X-ray photoelectron
spectroscopy (XPS) analysis. The respective values
for C 1sis 280-295 eV (Cheng and Zheng, 2007). XPS
was used to analyze the ratio of coating bonding and
the results were compared with those for the
mechanical properties. The C 1s wave consists of three
waves: the C=C sp? peak (284.5 £ 0.1eV) ~ the C-C sp®
peak (285.3 + 0.2 eV) and the C-O peak (288.5 + 0.2
eV). Robertson (2002) showed that diamond-like
carbon is a metastable form of amorphous carbon with
significant C-C sp® bonding. A DLC coating with more
C-C sp® bonding demonstrates significantly improved

evident in the figure and the two peak positions are
shown in Table 3. In a typical DLC structure, the two
peaks are located at approximately 1350 cm*and 1580
cm, respectively (Ferrari and Robertson, 2000). The
wave number for the D peak for all types of coatings
are shifted to a higher position than the original
position (1350 cmt), which demonstrates that these
coatings have a disordered carbon structure (Capano et
al., 1996). The G peaks for DLC-Ti and DLC-CH-Ti
are shifted to a lower wave number, which
demonstrates that there is an increase in C-C sp®
bonding (Bai and Jiang, 1999; Zhu et al., 1991). This
result is in agreement with the results for XPS analysis,
which show that DLC-Ti and DLC-CH-Ti exhibit
more C-C sp® bonding than DLC.

Table 3 shows the Raman spectra before and
after heat treatment. The ID/IG ratio for DLC-Ti and
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mechanical and tribological properties. Table 2 shows
that the C-C sp® ratio is increased after doping with
metal and the use of acetylene. The DLC-CH-Ti
coating that contains metal and for which acetylene is
used has the highest value for the C-C sp® bonding
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After heat treatment, the DLC coating and the
DLC-Ti coating both exhibit slightly reduced C=C sp?
bonding and slightly increased C-C sp® bonding. C-O
bonding, which represents the extent to which the
coating is oxidized, is increased. C-C sp® bonding in
the DLC-CH-Ti coating is significantly reduced from
31.51% to 17.62%, which demonstrates that the
diamond structure of DLC-CH-Ti is significantly
reduced. The C-O bonding for the DLC-CH-Ti coating
is increased from 3.97% to 9.46%. Heat-treated DLC-
CH-Ti after heat treatment exhibits the highest degree
of oxidation of all of the coatings.

The Raman spectra before heat treatment are
shown in Figure 3. The D peak and the G peak are

-15-

Fig. 4. Hardness values before and after heat
treatment

DLC-CH-Ti is greater after heat treatment, so the
coatings may have more defects after heat treatment.
The FWHM for the G peak for DLC-CH-Ti increases
from 96.1 to 123.8, but the other coatings exhibit a
decrease. The FWHM for the G peak for DLC
decreases from 117.7 to 105.2 and the FWHM for the
G peak for DLC-Ti decreases from 114.9 to 113.9.
These results are similar to those for other studies
(Tallant et al., 1995; Yang et al., 2003).The increase in
the FWHM is indicative of graphitization. The
graphitization process can reduce the hardness of the
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Table 4. Results for the mechanical properties, surface roughness, critical load and coating thickness.

coating and result in poor wear resistance at high

the highest hardness and adheres better than other

Hardness Elastic modulus Surface roughness Ra Critical load Coatmng thickness
(GPa) (GPa) (nm) ™) (pm)
DLC 133 181.3 37 83 1.43
DLC-T1 12.3 155.6 25 73 1.9
DLC-CH-Ti 259 278.7 45 97 1.41
temperatures (Ni et al., 2006). After heat treatment, the coatings.

XPS and Raman analysis shows that the diamond
structure of DLC-CH-Ti coating is reduced and the
degree of oxidation is the greatest.

Properties of the Coatings

The thickness ~ the hardness and the adhesive
properties of the coatings are shown in Table 4. The
results for nano-hardness show that the DLC-CH-Ti
coating has the highest hardness, at 25.9 GPa, so the
DLC-CH-Ti coating has the highest wear resistance. In
terms of adhesion, all the coatings demonstrate a
critical load of more than 70 N in the scratch test.
DLC-CH-Ti exhibits excellent adhesion, with a load
of 97 N. It is shown that the DLC-CH-Ti coating has
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C.OF

The results for hardness before and after heat
treatment are shown in Figure 4. The hardness of
DLC-Ti and DLC-CH-Ti decreases after heat
treatment and the hardness of DLC slightly increases.
The hardness of DLC-CH-Ti coatings decreases more
than a thousand-fold after heat treatment. The XPS and
Raman results (as shown in Table 2 and Table 3,
respectively) show that there is significantly less C-C
sp® bonding in the DLC-CH-Ti coating after heat
treatment, with a decrease from 31.51 % to 17.62%.
There is more C-O bonding (from 3.97% to 9.46%)
and it exhibits the highest degree of oxidation. The
XPS results show that the DLC coatings exhibit a
slight increase in C-C sp® bonding (from 11.9 %to
18.82%) and Raman analysis shows that the I1D/IG
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Fig. 5. The coefficient of friction (C.O.F) for the 350m wear test: (a) DLC, (b) DLC-Ti, (c) DLC-CH-Ti and (d)
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. 6. Wear life: (a) DLC, (b) DLC-Ti and (c) DLC-CH-Ti.
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Samole Average Wear depth Wear rate Wear life
P COF (pm) (10°mm’/Nm) (m)
Uncoated 0.377 5.33 10.65 -
DLC 0.08 0.27 0.17 2049
DLC-T1 0.18 1.78 3.1 387
DLC-CH-T1 0.11 0.17 0.09 2903

Table 5. Results for the tribological properties

ratio decreases from 1.39 to 1.06. It is seen that the
hardness of DLC increases slightly and the hardness of
DLC-CH-Ti is greatly decreased.

Tribological Properties

The results for wear are listed in Table 5. The
DLC-CH-Ti exhibits the shallowest wear depth, the
lowest wear rate and the longest wear life, because it
has the highest hardness and critical load values (as
shown in Table 4). It has the best tribological
properties of all of the coatings. Figure 5 shows the

(a)

100m

(e)

coefficient of friction during the wear test. The DLC-
CH-Ti and DLC coatings exhibit a low and stable
coefficient of friction (C.O.F) throughout the wear test.
The DLC-Ti coating exhibits a high C.O.F, which
gradually increases form 24 m to350 m. The final
C.O.F value is similar to that for the original substrate.

The results for the wear life test for all coatings
are shown in Figure 6. The wear life is determined
using the value for the C.O.F at which it suddenly
increases and begins to fluctuate, or it is seen that the
wear on the substrate is macroscopic. The DLC

100um

(b)

Fig. 7. The surface morphology of the coatings after the 350 m wear test :(a) DLC, (b) DLC-Ti and (c) DLC-

CH-Ti.
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coating has a wear life of about 2049 m. The DLC-CH-
Ti coatings have the longest wear life, at close to 3000
meters. The DLC-Ti coating has the shortest wear life,
at 387 meters, because it has a low hardness and
adheres poorly.

Figure 7 shows the surface morphology of the
coatings after a 350 m wear test. A part of the DLC-Ti
coating flakes from the substrate, which demonstrates
that the DLC-Ti coating has poor wear resistance. The
DLC and DLC-CH-Ti coatings do not flake from the
substrate, which demonstrates better wear resistance.

35
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B X
1E-8 1.E-6 1.E-4 1E-2 1.E+0
Current density (A-cm?)
—DLC-CH-Ti DLC-Ti DLC Uncoated

Fig. 8. Potentiodynamic polarization curves for all
specimens.

Corrosion Resistance

The resistance to corrosion properties was
determined by studying the anodic polarization
behavior. The polarization curves are shown in Figure
8. The corrosion current density and the corrosion
potential are calculated using the Tafel plot and the
results are listed in Table 6. It is seen that samples on
the potentiodynamic polarization curve that have a
lower corrosion current density and higher corrosion
potential are more resistant to corrosion. Resistance to
corrosion is principally a factor of the corrosion
current density. All of the coated samples feature a
much lower corrosion current density than the

J. CSME \Wol.41, No.1 (2020)

Table 6. Results for resistance to corrosion

Corrosion Corrosion
Sample N
voltage current
AY)] (10°A/em?)
Uncoated -0.477 30.09
DLC -0.326 3.61
DLC-Ti -0.164 0.23
DLC-CH-Ti -0.093 217

corresponding uncoated sample, which demonstrates
that the coatings increase resistance to corrosion. The
corrosion current density ranking for the coatings
decreases in the order: DLC-Ti > DLC-CH-Ti > DLC.
The lowest corrosion current density for a coating is
0.23E-05 A/cm2, which is 130.8 times less than that
for an uncoated sample.

SEM surface micrographs for DLC and DLC-Ti
coatings after corrosion are shown in Figure 9. The
DLC-Ti coating exhibits less pitting than its DLC
counterpart and retains a more intact morphology. The
DLC-Ti coating has the lowest corrosion current
density so it demonstrates the best resistance to
corrosion resistance of all of the coatings, because it
has the highest titanium content so a titanium oxide
layer is formed during the test (Kuptsov et al., 2013).

SUMMARY

This study presents a comprehensive analysis of
a variety of DLC coatings that are doped with Ti metal
or with hydrogen and Ti metal. The experiment results
show the different properties of the three types of
coatings as follow:

1. When the acetylene gas is added into chamber,
the target surface is covered by carbon from
ionized CzH, which results in a decrease in the
Ti concentration of DLC-CH-Ti.

2. The C-C sp® ratio increases when the acetylene

flow is added in the chamber, but the there is less
C-C sp® bonding in the DLC-CH-Ti coating and
an increase in C-O bonding after heat treatment.

(a)

(®)

Fig. 9. SEM surface micrographs after corrosion: (a) DLC and (b) DLC-Ti
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The Raman spectra show that the ID/IG ratio for
the DLC-Ti and DLC-CH-Ti coatings increases
and the ID/IG ratio for the DLC coating
decreases  after heat treatment.  This
demonstrates that the DLC-Ti and DLC-CH-Ti
coatings have more defects. After heat treatment,
the structure of the DLC-CH-Ti coating has
more defects than other coatings.

The DLC-CH-Ti coating performs best in the
wear tests, with a wear rate of 0.09 (10
®mm?3/Nm) and a coefficient of friction of 0.11
against an Al,O3z ball. The wear rate for the
coating is 194 times less than that for the
substrate.

The coatings’ resistance to corrosion is better
than that for a bare substrate. DLC-Ti coatings
have the lowest current density and exhibit the
best resistance to corrosion.

In the future, these coatings can be deposited on
micro-drills. After high speed drilling test,
micro-drills will be analyzed and decided their
life. Thereby, it can be confirm about whether
these coatings are suitable for applying on
industry production or not.
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