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Abstract:
The Silicon (Si) contained diamond like carbon (DLC) nanocomposite were prepared by using
thermal chemical vapour deposition (CVD) technique by varying the acetylene (C2H2)
flowrates. The scanning electron microscope (SEM) results showed a smoother surface of
nanocomposite at low C2H2 flowrates. The atomic force microscope (AFM) reveals the
increase of particle size and surface roughness of the composite with respect to the C 2H2
flowrates. The mechanical properties were evaluated using the nanoindentation and it is
observed that the hardness (H) and young’s modulus (E) of the nanocomposite increases with
increase of the C2H2 flow rate. The internal stress (𝝈) was computed by using Stoney’s equation
and it is noticed that due to the incorporation of Si the residual stress significantly decreased.
The tribological properties of the nanocomposite were analysed by computing the H/E, H3/E2,
plasticity index (PI) and elasticity index (EI). The results showed that the Si incorporated
nanocomposite (Si-DLC) has an excellent tribological properties.
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1. Introduction:
In the recent years carbon-based coatings or nanocomposites have been extensively used on
various mechanical components like bearings, cutting tool, gears, engine parts, and other
drivetrain components due to their outstanding tribological properties [1-3]. DLC is one of the
carbon coating which has been attracted to the scientists due to its excellent mechanical,
tribological, optical and biomedical properties. DLC coatings are usually amorphous, having
various fractions of sp3 and sp2 hybridized C–H and C–C bonding. Due to the excellent
properties of the coating, it is widely used in many industrial applications [4-6]. Unfortunately,
DLC coating have some disadvantages like high residual stress, weak adhesion with the
substrate, and bad resistance to wear under liquid environments. The above problem of DLC

film can be overcome by adding various metals (Al, Ag, Fe, Mo, Al, Cu) and semiconductors
(Si, Ge) into the coatings and tends to form carbon-based nanocomposites. When various
metallic or semiconductor elements are doped into DLC, they normally develop metal or
semiconductor carbides within the amorphous hydrocarbon (HC) network, which leads to
reduce the residual stresses [7-9]. Ghadai et al. developed Si-DLC nanocomposite using
thermal CVD and the results showed the improvement of mechanical and tribological
properties [10]. Fujimoto et al. deposited Si based DLC nanocomposite using DC pulsed
plasma CVD and observed the improvement of mechanical and tribological properties [11]. Li
et al. examined the nano-tribological and mechanical properties of Si added DLC composite
and noticed that adding Si into DLC can have substantial enhancements in the wear resistance
of DLC composite [12]. Liu et al. produced the Si added DLC nano composite by using
magnetron sputtering and their results showed a considerable increase of tribological properties
due to the inclusion of silicon. The authors achieved a minimum COF of 0.05 which signify
the tribological enhancement of the composites [13]. Kim et al. developed Si-DLC nano
composite using filtered cathodic vacuum arc deposition technique and noticed the COF value
of 0.05 [14].
From the above literature it has been observed that Si-DLC nano composite has an excellent
mechanical, tribological, morphological properties. It is also noticed that most of the
researchers have deposited Si-DLC nanocomposite either by using PECVD techniques or
physical vapour deposition (PVD) techniques. Very few works have done by using thermal
CVD by varying the hydrogen (H2) or argon or nitrogen (N2). However, the effect of
hydrocarbon gas like acetylene (C2H2) or methane (CH4) over the mechanical, tribological and
morphological properties have not been discussed by the researchers. Therefore, in the present
work the effect of the flow rate C2H2 over the mechanical, morphological, compositional and
tribological properties of Si-DLC nanocomposite have been extensively discussed.
2. Experimental Details
In the present case Silicon (Si) incorporated DLC nanocomposites were synthesized over ptype Si substate using thermal CVD displayed in fig. 1. Before the synthesis of the
nanocomposite, the substrates were treated by using Radio Corporation of America (RCA)
cleaning procedure to eliminate the impurities. After the treating with RCA cleaning procedure,
the substrates were placed over a thick ceramic plate within the chamber for the deposition.
For the silicon incorporation, Silicon powder were purchased from Sigma-Aldrich and the size

of the particles were less than 45 μm. The Si powder was kept within a ceramic boat, and it
was placed in the middle of the ceramic chamber. The distance between the ceramic plate and
ceramic boat was around 5 cm. The deposition temperature (Td) and H2 flow rate were kept
constant as 1000 oC and 20 sccm, respectively. Four different samples were made by changing
the acetylene (C2H2) flow rate from 5 sccm to 11 sccm. The deposition time was kept constant
as 120 minutes. The working and base pressure within the CVD were kept at 500 mTorr and
5 × 10−6 Torr, respectively. For the synthesis of nanocomposite, the rising rate of temperature
was 5 °C/min and declining rate of temperature was 3 °C/min. CSM Instruments having model
no NHTX 55–0019 with a Berkovich diamond indenting tip was used to find the mechanical
properties. The radius of curvature of the indenter tip was ~100 nm. At four various points the
indentation was done at a peak load of 20 mN and the average values were considered as a
result. Oliver–Pharr method was used to compute the hardness (H) and young’s modulus (E)
of the nanocomposites by taking the initial gradient of the unloading portion of the load
displacement curve [15]. Dektak profilometer having model name Dektak V 300 was used to
find the thickness of the coatings. The radius of the diamond stylus used in the Dektak
profilometer was 2.5 μm. Scanning Electron Microscope (Model: EVO MA18 Oxford EDS
(X-act) was used for analysing the surface morphology of the Si-DLC nanocomposite. While
using SEM the operating voltage was 10 kV, magnification was in the range of 1x to 100,000
x and scale was of 10 μm. Innova SPM atomic force microscope (AFM) with a 100 μm scanner
was used to find the average roughness (Ra) and particle size of the nanocomposites.

Fig. 1. Schematic diagram of thermal CVD for the deposition of Si-DLC nanocomposite

3. Result and Discussion
3.1. Thickness estimation of Si-DLC nanocomposite using Dektak profilometer
Table 1 shows the thickness of the Si-DLC nano composite with respect to various C2H2 flow
rate. For each sample, the stylus of the profilometer moved from one point to other at four
distinct locations and the average step heights were taken for the estimation of coating
thickness. From the table it has been observed that the coating thickness of the nano composite
increases minutely with respect to the C2H2 flow rate. The minimum and maximum coating
thickness was observed as 6.32 ± 0.14 and 6.52 ± 0.24 µm for the nanocomposite deposited at
5 sccm and 11 sccm, respectively. The increase of the thickness of Si-DLC composite may be
due to the deposition of more carbon atom at higher C2H2 flow rates.
Table 1: Variation of thickness of Si-DLC nanocomposite with respect to C2H2 flow rate
Sample Code flow

rate

of Deposition temp. flow rate of Thickness (µm)

hydrogen (sccm)

(oC)

acetylene
(sccm)

Si-DLC NC1

20

1000

5

6.32 ± 0.14

Si-DLC NC2

20

1000

7

6.38 ± 0.17

Si-DLC NC3

20

1000

9

6.5 ± 0.23

Si-DLC NC4

20

1000

11

6.52 ± 0.24

3.2 Morphological and Compositional analysis of the Nanocomposite using SEM and EDS
Fig. 2 indicates the morphology of Si-DLC nano composite with respect to various flow rate
of C2H2. From the SEM images it has been noticed that the Si-DLC nanocomposite deposited
at low C2H2 flow rate (5 sccm and 7 sccm) seems to have very smooth and uniform coating. At
higher C2H2 flow rate (9 sccm and 11 sccm) some agglomerated Silicon particles are appeared

over the surface of the nanocomposite. The formation of agglomerated particles on the
nanocomposite surface may be due to incomplete melting and evaporation at higher C2H2 flow
rate within the chamber [16]. The elemental composition of Si-DLC nanocomposite at various
C2H2 flowrate have been analysed using EDS and shown in table 2. The EDS result of Si-DLC
Nanocomposite deposited at 7 sccm C2H2 flowrate is shown in fig. 3. From the table it is
observed that the major elements present in the composite are carbon (C) and Silicon (Si) along
with some amount of oxygen. The wt. % of the Si monotonically decreases with respect to the
C2H2 flowrate. However, for the nanocomposite deposited at 5 sccm C2H2 flow rate have the
lowest Si wt. %. Similarly, the wt. % of carbon minutely increases with the increase of C 2H2
flow rate. The increase of the wt. % of C may be due to the deposition of more carbon atom at
higher C2H2 flow rates. Also, at higher C2H2 flowrate the decrease of Si wt. % may be due the
partial evaporation of Si within the chamber [10, 13].

Fig. 2: Surface images of Si-DLC nanocomposite with respect to various C2H2 flow rate

Table 2: Elemental Analysis using EDS
Sample

C (at. %)

Si (at. %)

O (at. %)

Si-DLC NC1

86.9

7.5

5.6

Si-DLC NC2

86.2

10.6

3.2

Si-DLC NC3

87.8

9.1

3.1

Si-DLC NC4

88.2

8.4

3.4

Code

Fig. 3: EDS result of Si-DLC Nanocomposite deposited at 7 sccm C2H2 flowrate.
3.2 Average roughness and particle size of the nanocomposite by using AFM
The particle size and average roughness of the Si-DLC nanocomposite with respect to various
C2H2 flow rate has been analysed using AFM and is shown in Fig. 4. For each nanocomposite
sample, the surface roughness, average, and maximum particle size were computed at 10 μm
level. From the AFM images it has been noticed that the roughness of the nanocomposite
increases from 5.6 nm to 12.6 nm with increase of C2H2 flow rate from 5 sccm to 11 sccm. The
increase of surface roughness may be due to the addition of more carbon into Si-DLC
nanocomposite at higher C2H2 flow rate which increase the molecular volume. Also, the
maximum and average particle size of the nanocomposite increases with respect to C2H2 flow
rate. The maximum particle size is within the range of 6.5 to 17.2 nm whereas the average

particle size is within the range of 0.2 to 0.9 nm. Also, the density of the particle distribution
of nanocomposite is more for the sample deposited at higher C2H2 flow rate [16, 17].

Fig. 4: AFM images of Si-DLC nanocomposite with respect to various flow rate of C2H2

3.3 Mechanical properties using nanoindentation and nano scratch.
Fig. 5 indicates the loading-unloading curve of the Si-DLC nano composite with respect to
various C2H2 flow rate for a fixed load of 20 mN. The loading and unloading rate for the
indentation was 40 mN/min and at the maximum loading (20 mN) the holding time was 10 sec.
To prevent the substrate effect maximum depth of indentation was restricted to 10 % of the
coating thickness. The maximum and minimum indentation depth were 326.05 nm and 300.66
nm for the Si-DLC nanocomposite deposited at C2H2 flowrate of 7 sccm and 11 sccm,
respectively. The decrease of indentation depth with respect to C2H2 flow rate shows the
increase of H and E of the Si-DLC nanocomposite. Oliver and Pharr method [15] has been used
to find the mechanical properties i.e. (H and E). The H and E can be measured by examining
the unloading part of loading-unloading curve. The H can be calculated by using equation 1.

𝐻=

𝑃𝑚𝑎𝑥
𝐴

(1)

Where Pmax is the highest load applied over the nano composite and A denotes the contact area
of the tip of the indenter over the nanocomposite.
By using equation (2) the stiffness (S) can be calculated, and it is presented below
𝑆=

𝐴
𝑑𝑝
= 2𝛽 √ 𝐸𝑟
𝜋
𝑑ℎ

(2)

By using equation (3) the elastic modulus (Ew) can be calculated
1

Er

=

1−v2i
Ei

+

1−v2nc

(3)

E𝑛𝑐

“S” is the stiffness which calculated from the upper section of the loading-unloading curve,
and it provides a geometry independent equation (3) developed by Oliver [15]. The β value is
constant and it is 1.034 for Berkovich indenter and the reduced elastic modulus is denoted by
Er. The subscripts i represent indenter and nc represent nanocomposite.
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Fig. 5: Loading-unloading curve of Si-DLC nanocomposite with respect to various flow rate
of C2H2

Fig. 6 illustrates the variation of H and E of the nanocomposite with respect to various flow
rate of C2H2. The minimum and maximum H of the Si-DLC nanocomposite are observed as
10.06 GPa and 14.25 GPa for the C2H2 flow rate of 7 sccm and 11 sccm respectively. Similarly
the minimum and maximum E of the Si-DLC nanocomposite are observed as 127.3 GPa and
148.41 GPa for the C2H2 flow rate of 7 sccm and 11 sccm respectively. From the trend of the
graph it is noticed that the H and E of the nanocomposite increases with increase the flow rate
of C2H2. However, at 5 sccm C2H2 flow rate the H of the Si-DLC nanocomposite has been
observed as 13.7 GPa which is more than 7 and 9 sccm and the E as 128.51 GPa which is more
than 7 sccm C2H2 flow rate. From the analysis using EDS it has been observed that the wt. %
of Si within the nanocomposite decreases with respect to the C2H2 flowrate. Zhao et al.
synthesized Si-DLC coating using PECVD techniques, and the result showed that the H and E
of the composite decreases with the increase of Si wt. % [18]. Si doping results in a greater
hydrogenation of the DLC nanocomposite which shows the stabilization of tetrahedral
coordination by forming a polymeric structure. The presence of more Si in the nanocomposite
leads to decrease the sp3 content which tends to decrease the H and E of the composite [19].
In this work the pop-out phenomenon has been observed in all the load-displacement curve and
it is marked in the fig. 5. During the unloading the pop-out phenomenon is basically a result of
abrupt phase change and volume expansion at the nanocomposite surface and interface edge of
the indenter [20-22].
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Fig. 6: H and E variation of Si-DLC nanocomposite with respect to various flow rate of C2H2
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Fig. 7: H3/E2 and H/E variation of Si-DLC nanocomposite with respect to various flow rate of
C2H2
Fig. 7 illustrates the alteration of H3/E2 and H/E of the nanocomposite with respect to various
C2H2 flow rate. H3/E2 and H/E are the two crucial factors to find the tribological behaviour of
the Si-nanocomposite. H/E ratio depicts the ability of the nanocomposite whereas, the H3/E2
ratio depicts the plastic behaviour of the composite. From the graph it has been observed that
both H3/E2 and H/E are following the same trend. Both H3/E2 and H/E ratios decreased with
the variation of C2H2 flow rate from 5 to 7 sccm. However, above 7 sccm both H/E and H3/E2
ratios are monotonically increased. Larger value of H/E ratio shows the decrease of contact
pressure because of the load distribution, which is applied over the large area, so higher H/E
ratio is advantageous for tribological application. The higher H3/E2 value of indicates highly
elastic behaviour whereas a low H3/E2 value of indicates a more noticeable plastic behaviour
of the nanocomposites. The above increase of H3/E2 and H/E ratios of Si-DLC nanocomposite
may be because of the grain boundary sliding [16, 17].
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Fig. 8: Hardness and Internal stress variation of Si-DLC nanocomposite with respect to the
flow rate of C2H2

Fig. 8 illustrates the variation of H and internal stress (𝝈) of Si-DLC nanocomposite at various
flow rate of C2H2 ranges from 5 to 11 sccm. In the present case Stoney equation is used to
calculate the 𝝈 of the Si-DLC nanocomposite and it is presented in equation 4.
σ=

𝐸𝑆

6(1−ʋ𝐬

𝑡2

1

× 𝑡𝑠 ( −
)
𝑛𝑐

𝑅𝑖

1

𝑅𝑓

)

(4)

Where tnc is the thickness of the Si-DLC nanocomposite and ts is the thickness of Si substrate.
Ri and Rf are denoted as the curvature of the coating and curvature of the substrate,
respectively. The substrate’s young’s modulus is denoted as Es and the value is 127 GPa. The
substrate poisson ratio is denoted as ʋs and the values is 0.27 [23, 24]. From the fig. it has been
observed that the 𝝈 of the nanocomposite increases with increases of C2H2 flow rate of from 7

sccm to 11 sccm. The minimum and maximum 𝝈 are 0.58 GPa and 0.86 GPa for the

nanocomposite deposited at C2H2 flowrate of 7 sccm and 11 sccm respective. However, for the
nanocomposite deposited at C2H2 flowrate of 5 sccm the 𝝈 is 0.82 GPa. The 𝝈 is compressive

in nature and the value of 𝝈 increases due to the decrease of Si wt. % with respect to the C2H2

flow rate [25].
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Fig. 9: Plasticity Index (PI) and Elasticity Index (EI) variation of Si-DLC nanocomposite
with respect to flow rate of C2H2
The tribological behaviours of the Si-DLC nanocomposite with respect to various C2H2 flow
rate have been discussed by calculating the elasticity and plasticity index which are represented
as ƞi and ƞp respectively. The ƞi and ƞp have been computed by using equation 5 and equation 6
which are presented below [26]
ƞp
ƞi =

=

𝐴1

(5)

1- ƞp

(6)

𝐴1+𝐴2

Where A1 denotes the area under the loading unloading curve, whereas, A1+A2 denotes the
area under loading curve. Both A1 and A2 are pictorially shown in fig. 10. Fig. 9 denotes the
Plasticity Index (PI) and Elasticity Index (EI) variation of Si-DLC nanocomposite with respect
to C2H2 flow rate.

Fig. 10: Loading unloading curve to denotes A1 and A2.

Fig. 11 shows the COF of Si-DLC nanocomposite with respect to various flow rate of C2H2.
From the fig. it is seen that the COF of the nanocomposite increases with increase of flowrates
of C2H2. The minimum and maximum COF are observed as 0.065 and 0.082 for the C2H2 flow
rate of 5 and 11 sccm, respectively. From the COF results it is observed that at low C2H2 flow
rate the composite are smooth and at high flowrate the smoothness is decreasing. The small
value of COF proves the smoothness of the composites, and the images obtained from AFM,
depict that the average Ra of the nanocomposite increases with the increase the C2H2 flow rate.
In previous works done by various researchers on DLC nanocomposite the minimum COF was
achieved as 0.07 which shows that the present result is slightly better as compared to the
previous work [27-29].
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Fig. 11: COF of Si-DLC nanocomposite with respect to various C2H2 flow rate

4. Conclusion
In the current research work the detailed mechanical, tribological and morphological analysis
of Si-DLC nanocomposite were done with respect to various C2H2 flow rates. The AFM and
SEM confirm the smoothness of the nanocomposite at low C2H2 flow rate and the smoothness
get affected with increase the flow rate of C2H2. The EDS study revealed that the wt. % of Si
decreased with the increase of C2H2 flow rate. From the nanoindentation results it is observed
that the H and E of the nanocomposite increases with the increase of C2H2 flowrate, and it may
be due to the presence of more sp3 bond. From the values of H/E, H3/E2, COF, plasticity index
(PI) and elasticity index (EI) it is observed that Si-DLC nanocomposite has an excellent
tribological properties.
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