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Multilayered Si-doped DLC film with thicknesses of 5.5, 10.1, 21.8 and 28.3 lm was deposited on stainless
steel, aluminum alloy and copper alloy substrates by plasma-enhanced chemical vapor deposition. The
mechanical and tribological properties of multilayered Si-doped DLC films deposited on three different
substrates were evaluated in this study. The hardness of the multilayered Si-doped DLC film of different
substrates is related to the substrate material and internal stress. In a scratch test, the adhesion of the
multilayered Si-doped DLC film increased with the film thickness. The multilayered Si-doped DLC film
with a thickness of 28.3 lm on stainless steel substrate has the highest adhesion of 31 N. The adhesion of the
multilayered Si-doped DLC film with different thicknesses on the copper alloy is relatively poor. The ball-
on-disk friction test results show that the multilayered Si-doped DLC film with thicknesses of 5.5 and 10.1
lm is prone to shear deformation and exhibit high friction coefficient. The uneven stress distribution and
surface deformation of the multilayered Si-doped film deposited on the aluminum alloy and the copper alloy
cause the fluctuation and rise of the friction coefficient. The wear resistance of multilayered Si-doped DLC
films on different substrates is related to stress shielding and adhesion strength.
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1. Introduction

Stainless steel, aluminum and copper alloys are based on
their excellent corrosion resistance, good processability, high
electrical conductivity and high-cost performance, making them
the most widely used metal materials in industrial production
and living applications. However, their low hardness and poor
wear resistance are one of the main causes of material loss.
These shortcomings can be overcome by depositing diamond-
like carbon (DLC) films with unique properties on the substrate
surface (Ref 1-3). DLC films have attracted wide attention in
the academia for their unique properties such as high hardness,
excellent friction properties, optical transparency and superior

corrosion resistance (Ref 4-8). As a new type of hard film
material, DLC can be widely used in mechanical, optical,
medical and other fields and has a good application prospect.

Recently, the thickness of films is an important parameter
that often plays a decisive role in these applications (Ref 9-11).
However, the thickness of the conventional DLC film (3-5 lm)
limits their requirements for high-load, high-speed and long
service life. High residual stress is a major factor in film
delamination and failure. Stress accumulation is proportional to
the thickness of the deposited films, which makes it difficult to
obtain a thick film (Ref 12, 13). In addition, the intrinsic stress
of the DLC film and the thermal stress caused by the mismatch
between the film and the substrate are the main components of
the residual stress (Ref 14). The difference between the
coefficient of thermal expansion (CTE) of DLC film
(2.3910�6/K) and the stainless steel (15910�6/K), aluminum
alloy (23.5910�6/K) and copper alloy (17910�6/K) is one of
the difficulties in effectively depositing DLC film on the
substrate material. Furthermore, the poor affinity between alloy
and DLC film results in weak adhesion strength (Ref 15). The
hardness between the substrate and the film is inconsistent and
the adhesion is poor, which greatly reduces the abrasion
resistance and durability of the film (Ref 16). It has been
demonstrated by previous studies that doping elements (Ref 17-
20) and multilayer designs (Ref 21-23) can reduce residual
stress and thus increase film thickness. The advantage of Si
over other doping elements is that no p bonds are formed and
therefore no sp2 bonds are formed. Moreover, the energy of the
Si-C bond (3.21 ev) is smaller than the C-C bond (3.70 ev) (Ref
24), and the carbon bond distortion relaxation of the DLC film
after Si doping reduces the internal stress (Ref 25). In our
previous work, multilayered Si-doped DLC film that was
deposited from two different Si content DLC layers had been
successfully deposited on steel substrate by PECVD (Ref 26,
27). The low Si content DLC layer exhibits compressive stress,
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and the high Si content DLC layer exhibits tensile stress.
Multilayered DLC films with opposite stress can greatly reduce
the stress concentration in the film system. Continuous
transition in multilayer structures usually improves the bonding
strength of interface and reduces thermal stress and stress jump
at interface, driving force and stress intensity of crack growth
(Ref 28). Various methods have been used to prepare DLC
coatings. Plasma-enhanced chemical vapor deposition can
control the coating thickness and structure by regulating
process parameters at lower temperatures. Therefore, PECVD
is suitable for coating low-melting-point aluminum alloys and
copper alloys.

In this paper, multilayered DLC films with thicknesses of
5.5 to 28.3 lm were prepared on SUS 304, Al and Cu
substrates by PECVD. The effects of thickness on the
properties of multilayered Si-doped DLC films on different
substrates were investigated. The aim of this work was to
obtain thick DLC films on different substrates while maintain-
ing high hardness, good adhesion and wear resistance.

2. Experimental Details

2.1 Film Deposition

The multilayered Si-doped DLC films with different thick-
nesses were deposited by the PECVD technology. (One
deposition period consists of a Six-DLC layer with high Si
content and a Siy-DLC layer with poor Si content.) Related
deposition parameters and processes had been discussed in our
previous studies (Ref 27). Stainless steel, aluminum alloys and
copper alloys are: SUS 304 stainless steel (0Cr19Ni9, 30 9 30
9 1 mm), 3004 aluminum alloy (30 9 30 9 2 mm) and T3
copper alloy (30 9 30 9 1 mm). Their chemical compositions
are given in Table 1. Firstly, stainless steel, aluminum alloy and
copper alloy were mechanically polished to remove surface
oxides and impurities. The substrate was ultrasonically washed
in acetone and ethanol for 20 min and then dried. The samples�
material was placed in the equipment and etched in argon
plasma for 30 min. The Si transition layer is obtained by
introducing silane into the chamber and applying a high pulse
bias on the substrate to improve the adhesion to substrate.
Then, multilayer structure consisting of Six-DLC layers and
Siy-DLC layers with different thicknesses was deposited by
introducing silane and acetylene gas. The detailed parameters
are listed in Table 2. The thickness of the film is achieved by
regulating the number of deposition periods, which are 9, 20,
40 and 60, respectively. Four multilayered Si-doped DLC films
with different deposition periods are considered in this report.
More detailed description of the film deposition process and
composition can be found in previous work (Ref 27, 29).

2.2 Film Characterization

Scanning electron microscopy (SEM) was used to observe
the cross section and thickness of the multilayered Si-doped
DLC films coated on silicon wafers. The surface curvature of
the substrate before and after film deposition was measured
using a FST-1000 film stress tester, and then, the residual stress
of the multilayered Si-doped DLC films was calculated
according to the Stoney equation. Raman spectroscopy was
performed on a Raman spectrometer (LabRAM, Horiba Jobin
Yvon) equipped with 532 nm exciting wavelength. The
hardness (H) and Young�s modulus (E) were determined
according to a nanoindenter with Berkovich indenter tip. The
maximum load of indentation is set at 50 mN, and the holding
time is 2 s. The penetration depth of the needle is controlled
within 10% of the thickness of the coating. Four replicate
measurements were taken for each sample to reduce measure-
ment error. A scratch tester (RST3, Anton Paar, Austria) was
performed to study adhesion of films on different substrates.
The scratch test was carried out under progressive force with a
maximum load of 50 N, and the scratch morphology was
observed by an optical microscope. A reciprocating ball-on-
disk tester (CSM) was performed to investigate tribological
properties of the films. The counterpart was YG6 ball with
radius of 3 mm and hardness (HRA) of 89.5. The main
component is tungsten–cobalt alloy (WC-CO) with high
hardness and good wear resistance. Friction and wear exper-
iments were carried out under the conditions of 5-mm sliding
stroke, 5 Hz stroke frequency and 10 N load. After the
tribological test, the wear rate of the film was investigated by a
two-dimensional contact surface profiler (D-100, KLK, Ten-
cor). The finite element method (FEM) was used to simulate the
stress distribution during the ball pressure to the film. Stress
distribution of multilayered Si-doped DLC films on different
substrates is under external force conditions.

Table 1 Composition of parent metals (wt.%)

Materials Si Mn Cr Ni S Cu Cu+Ag Mg Zn Fe Al As

SUS 304 £ 1.0 £ 2.0 17.0 8.0 £ 0.03 … … … … Bal. … …
3004 Al 0.30 1.0 … … … 0.25 … 0.8 0.25 0.7 Bal. …
T3 Cu … … … £ 0.2 £ 0.01 … ‡ 99.7 … … £ 0.05 … £ 0.01

Table 2 The detailed parameters for depositing the
multilayered Si-doped DLC films

Gas flow (sccm)

Time (min)Ar SiH4 C2H2

Si transition layer 150 50 … 15
Six-DLC 80 50 50 5
Siy-DLC 150 50 150 5
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3. Results and Discussion

3.1 Composition and Microstructure

The typical cross-sectional SEM image of multilayered Six-
DLC/Siy-DLC films coated on silicon wafers with four
thicknesses is shown in Fig. 1. The cross-sectional images
show that the multilayered Si-doped DLC film has a distinct
layered structure. The bright white and dark gray bands
represent the Siy-DLC layers and Six-DLC layers, respectively
(Ref 30). The thickness of the Si transition layer is small and
cannot be observed well in the SEM image. It can be seen that
multilayered Si-doped DLC films with thicknesses of 5.5, 10.1,
21.8 and 28.3 lm can be obtained by controlling the number of
deposition periods.

Figure 2 shows the residual stress of the multilayered Si-
doped film of varying thicknesses deposited on silicon wafer
substrates. As the film thickness increases from 5.5 to 28.3 lm,
the residual stress in multilayered Si-doped DLC film increases
linearly from � 0.47 to � 0.80 GPa. A negative bias is
typically applied to the substrate during deposition, and the
energy of these impinging particles is sufficient to cause
particles to enter the range of several atomic layers below the
formed film and to rearrange a portion of the atoms. The
injection of particles below several atomic layers of the film
will also cause the deposited material to swell. Further, a large
amount of compressive stress is generated in the deposited film
to form a tensile force on the substrate. In multilayer coatings,
the heterointerface can be allowed to expand as much as
possible by coherence, incoherent or semi-coherent strain, so
the greater the number of interfaces, the greater the stress can
be relaxed. As the film thickness increases, the stress and
storage strain will increase. Although this strain energy does

not adversely affect many applications, such compressive stress
can be a fatal defect in the deposition of thick films in order to
prevent cracking of the film. High internal stress can cause film
delamination and plastic deformation. To deposit superthick
film on different substrates, the residual stress must be
accurately controlled. Si-doped DLC layers having tensile
and compressive stresses were obtained by changing the
content of Si. In this structure, Six-DLC (x denotes less Si
doping) exhibits compressive stress (� 0.21 GPa) and Siy-DLC
(y denotes high Si content) exhibits tensile stress (0.20 GPa).
Thus, the stress directions in Six-DLC and Siy-DLC are
opposite (Ref 27). This kind of multilayered Si-doped DLC
films with coupled tensile stresses and compressive stresses can

Fig. 1. Cross-sectional SEM micrographs of the multilayered Si-doped DLC films with different thicknesses: (a) 5.5 lm, (b) 10.1 lm, (c) 21.8
lm, (d) 28.3 lm

Fig. 2. Relationship between film thickness and residual stress for
multilayered Si-doped DLC films with different deposition periods
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obtain as low residual stresses as possible (Ref 31). Therefore,
it provides favorable conditions for the deposition of superthick
DLC films on stainless steel, aluminum alloy and copper alloy
substrates.

Figure 3 shows the Raman spectra of DLC films with
different thicknesses on stainless steel, aluminum alloy and
copper alloy substrates. An asymmetric broad peak was
observed at a range between 1000 cm�1 and 1800 cm�1 for
the multilayered Si-doped DLC films. The G band around 1550
cm�1 is attributed to the stretching model of the sp2 carbon
atom in rings or chains. The D band around 1350 cm�1 is due
to the breathing mode of sp2 atoms in the sixfold aromatic ring
(Ref 32-34). Since the large absorption coefficient of light by
carbon material, the Raman laser can only penetrate the 10-100
nm depth range of the DLC film. In view of the four different
deposition periods, the thickness of the top layer of the
multilayered Si-doped DLC film is greater than 200 nm.
Therefore, Fig. 2 actually shows the bonding structure at the top
of a multilayered Si-doped DLC film. All films have the same
deposition parameters and the top is Siy-DLC layer. Therefore,
the Raman spectra of multilayered Si-doped DLC films of
different thicknesses on different substrates have no significant
changes.

3.2 Mechanical Properties

Table 3 shows the hardness and Young’s modulus of
multilayered Si-doped DLC film deposited on different sub-

strates with the change of the film thickness. The hardness of
films deposited on stainless-steel substrate increases with film
thickness, but the elastic modulus does not increase signifi-
cantly. The maximal hardness of 16.3 GPa and elastic modulus
of 124 GPa are achieved, as the thickness of the film deposited
on stainless steel is 28.3 lm. The hardness and modulus of
elasticity of multilayered Si-doped DLC films deposited on
aluminum alloy substrates increase with film thickness. The
films deposited on aluminum alloys have lower hardness than
those deposited on stainless steel. Because the maximum
penetration depth is about 600 nm, the substrate material has a
slight effect on the film hardness. Generally, the increasing
hardness and elastic modulus of the multilayer film are
attributed to the following means. The effect of hard Siy-DLC
layer in multilayers and hardening effect is caused by the large
number of interfaces parallel to the substrate surface (Ref 35).
However, the hardness of the multilayered Si-doped DLC film
deposited on the copper substrate appears to increase initially
and subsequently decrease as the film thickness increases. The
hardness of the multilayered Si-doped DLC film of 10.1 lm
thickness reached a maximum of 15.5 GPa. As the film
thickness increased to 28.3 lm, the hardness value gradually
decreased to 12.3 GPa. It is worth mentioning that when the
thickness of the film reaches 21.8 lm, the film is partially
peeled off. Therefore, the decreased hardness of the film is
caused by stress release. Partial peeling occurred in the
multilayered Si-doped DLC film having a thickness of more
than 10 lm on copper substrate. This is because the outer d-

Fig. 3. Raman spectra of multilayered Si-doped DLC films with different thicknesses on different substrates: (a) stainless steel, (b) aluminum
alloys and (c) copper alloys

Table 3 Nanoindentation results of multilayered Si-doped DLC films with different thicknesses on different substrates

Thickness, lm

Stainless steel Aluminum alloys Copper alloys

Hardness, GPa Elastic modulus, GPa Hardness, GPa Elastic modulus, GPa Hardness, GPa Elastic modulus, GPa

5.5 12.7 119.3 10.6 88.3 11.9 105.7
10.1 13.1 113.1 12.3 99.5 15.5 117.8
21.8 14.4 125.7 13.4 108.7 13.5 142.6
28.3 16.3 123.4 14.5 110.5 12.3 95
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orbital electrons of the Cu element are full, and it is difficult to
chemically bond with the carbon element in a high-energy
state. In addition, there is a large internal stress between the film
and the substrate during the deposition process. Therefore, it is
difficult to deposit superthick films on copper alloy substrates
successfully. The ratio of H3/E2 is usually used to evaluate the
resistance of the film to plastic deformation. The high H3/E2

implies a high resistance to cracks initiation and propagation,

which are also desirable for wear improvement (Ref 36, 37). As
shown in Table 4, the results show that the change of H3/E2

ratio with deposition period is similar to the change of film
hardness. For H3/E2, the lower the H3/E2 value, the worse
ability to resist plastic deformation the material behaves.

Poor adhesion can directly lead to premature separation of
the film from the substrate under external influence. Therefore,
the adhesions of the film is critical for the practical application
of the films (Ref 38, 39). Figure 4 shows the difference in
adhesion (detachment from film/substrate interface) of the film
deposited on stainless steel, aluminum alloy and copper alloy
substrates. The adhesion of the multilayered Si-doped DLC film
deposited on stainless steel, aluminum alloy and copper alloy
substrates increases with film thickness. There is noticeable
improvement in adhesion between the multilayered Si-doped
DLC film and stainless steel as the film thickness increases
compared to the other two substrates (aluminum alloy and
copper alloy). With a thickness of 28.3 lm, the adhesion of the
multilayered Si-doped DLC film deposited on aluminum alloy
substrates is significantly improved. Moreover, the adhesion of
the film deposited on the copper alloy substrate shows a slight
increase with film thickness. It was not observed that the
correlation between adhesion and hardness was caused by the
difference of internal stress, which is a direct function of the
elastic stored energy in the films. The accumulation of elastic
energy storage is a factor affecting the adhesion, which is
greater than the adhesive energy that can cause the film to peel
off from the substrate (Ref 38, 40).

Figure 5 presents the scratch tracks of the multilayered Si-
doped DLC film having a thickness of 28.3 lm deposited on
stainless steel, aluminum alloy and copper alloy substrates. The
wedge spalling failure of the film deposited on stainless steel
occurs at a critical load of 31 N. The film produced a large
number of conformal cracks before peeling off, and no cracks
were formed on either side of the scratch track. This is a plastic
deformation before failure, indicating that the film has good
toughness. The multilayered Si-doped DLC film on aluminum
alloy substrate shows buckling failure at 21 N, accompanied by
curved cracks and plastic deformation. Moreover, the film was

Table 4 H3/E2 ratio of multilayered Si-doped DLC films
with different thicknesses on different substrates

Stainless steel,
Gpa

Aluminum alloys,
Gpa

Copper alloys,
Gpa

9p 0.14 0.15 0.15
20p 0.17 0.18 0.27
40p 0.18 0.20 0.12
60p 0.28 0.25 0.17

Fig. 4. Adhesion strength of multilayered Si-doped DLC films with
different thicknesses deposited on different substrates

Fig. 5. Optical images of scratch track on multilayered Si-doped DLC films with a thickness of 28.3 lm deposited on stainless steel, aluminum
alloy and copper alloy substrates
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completely peeled off from the substrate at 30 N. From the
multilayered Si-doped DLC scratch morphology on the copper
alloy substrate, it can be clearly seen that the fracture failure
occurred at 9 N. It is worth noting that almost no plastic
deformation occurred before the film failed. It was shown that
the film on the copper alloy substrate exhibits very poor plastic
toughness. This may be attributed to the weak bond between
Cu and C and Si, which results in the film peeling off at the
interface.

3.3 Tribological Properties

The tribological properties of multilayered Si-doped DLC
films with different thicknesses coated on stainless steel,
aluminum alloy and copper alloy substrates were investigated
by a ball-disk friction test. Figure 6 shows the wear behavior of
multilayered Si-doped DLC films with different thicknesses
deposited on different substrates. Figure 6(a) shows the
variation of CoF of the film deposited on stainless steel with

Fig. 6. Friction test results of multilayered Si-doped DLC films: (a, b) stainless steel, (c, d) aluminum alloys and (e, f) copper alloys
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sliding cycles. The multilayered Si-doped DLC film with a
thickness of 5.5 and 10.1 lm after running-in period showed a
high CoF of � 0.2. When the film thickness exceeds 10.1 lm,
CoF decreases significantly to � 0.13 in the steady state. The
film having a thickness of 5.5 lm failed after the end of the
friction test. Figure 6(b) shows the wear rate results for a
multilayered Si-doped DLC film coated on an aluminum alloy.
The wear rate of the multilayered Si-doped DLC film with a
thickness of 10.1 lm is the highest at 8.8910�7mm3/N m. The
wear rate decreases to 6.1910�7mm3/N m when the film
thickness increases to 28.3 lm. The tribological behavior of the
multilayered Si-doped DLC film coated on aluminum alloy
substrate is shown in Fig. 6(c) and (d). The running-in period of
the film with different thicknesses becomes longer, and
fluctuations of CoF are observed even during steady states.
Films with a thickness of 5.5 lm also failed after the
tribological test. With the increase in the thickness of multi-
layered Si-doped DLC films, the wear rate of 28.3 lm films is
the lowest at 3.2910�7mm3/NÆm. The results are consistent
with the adhesion of the multilayered Si-doped DLC films,
indicating that the property is one of the factors for adjusting
the wear resistance. The wear rate of film deposited on
aluminum alloy is lower than that deposited on stainless steel.
The CoF of the multilayered Si-doped DLC films coated on
copper alloy substrates increases with the sliding cycles except
for the relatively low CoF of 21.8 lm thickness (Fig. 6e). The
continuous increase in CoF is caused by the rapid wear out of
the multilayered Si-doped DLC film on the copper substrate.
The wear rate of the multilayered Si-doped DLC film having
different thicknesses on copper alloy substrate is shown in
Fig. 6(f). Only films having a thickness of 21.8 lm were not
worn out and exhibited a relatively low wear rate.

It was found that the multilayered Si-doped DLC films with
thicknesses of 5.5 and 10.1 lm on three substrates have
relatively high CoF. This can be attributed to the multilayered
film having a small thickness which is susceptible to shear
failure under normal load compressive stress and thus exhibits
higher CoF. As the thickness of the film increases, the residual
stress of the film gradually increases. The mismatch between
aluminum alloy and carbon produces high internal stress
resulting in uneven stress distribution inside the film, resulting
in the rise and fluctuation of CoF. The chemical inertness of the
Cu element itself and the mismatch between the film result in
poor adhesion and poor durability of the multilayered Si-doped
DLC film. Furthermore, the good cohesive strength and load-
bearing capacity for gradually thickening coating could effec-
tively prevent coating wear during dry sliding. Therefore, the
multilayered Si-doped DLC film coated on the copper alloy
substrate exhibits poor tribological behavior.

Figure 7 shows the wear scar on WC ball sliding against
multilayered Si-doped DLC films with a thickness of 21.8 lm
coated on different substrates. In Fig. 7(a), (b) and (c), a small
amount of discontinuous transfer film has been formed along
the sliding direction on the WC counterpart. Figure 7(d) is the
magnified images of the corresponding white rectangle area in
Fig. 7(c). The presence of the transfer film can be observed on
the WC ball. Figure 8 shows SEM and EDS elemental maps
(Si, O and C) for various thicknesses of Si-doped DLC films on
WC balls. Previous studies have resulted in Si-doped DLC
films that form an oxide lubricant layer during the rubbing
process (Ref 41). It can act as a lubricant at the friction
interface. It was also found that a plenty of wear debris was
generated around the WC counterpart. This can be attributed to
the formation of Si oxide during the rubbing process. However,

Fig. 7. SEM images of the wear scars on WC balls sliding against multilayered Si-doped DLC films with a thickness of 21.8 lm on different
substrates: (a) stainless steel, (b) aluminum alloys, (c) copper alloys and (d) the magnified images of the corresponding white rectangle area in
(c)
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its low hardness can easily peel off the film surface and form
wear debris. During repeated friction, it transfers to the surface
of the WC ball to form transfer film. The high hardness of the
WC ball causes the formed transfer film to be continuously
peeled off, so that there is less transfer film on the wear scar.

In order to investigate the difference in wear rate of
multilayered Si-doped DLC films on different substrates under
the same test conditions, we performed a finite element method
(FEM) of the stress distribution of the multilayered Si-doped

DLC films coated on different substrates under the loading
condition of the ball indentation system. Schematic diagram of
the simulation process system sees reference (Ref 27, 41). The
counterpart material is assumed to be a rigid material, and the
transition layer was not considered. Assume an axisymmetric
system and build half of the geometry to reduce the amount of
computation. Material parameters are shown in Table 5.

Figure 9 shows the FEM simulation results for multilayered
Si-doped DLC film of 5.5 lm thickness ((Six-DLC/Siy-DLC)9)

Fig. 8. SEM images and its corresponding EDS elemental mapping of WC balls sliding against multilayered Si-doped DLC films of different
thicknesses: (a) 5.5 lm, (b) 10.1 lm, (c) 21.8 lm, (d) 28.3 lm deposited on stainless steel substrates

Table 5 Material properties used in FEM simulations

Thickness, lm Ex, GPa PRXY D, kg/m23

304 stainless steel 1500 206 0.26 7930
Aluminum alloy 1500 68 0.33 2710
Copper alloy 1500 123 0.35 8920
Six-DLC 0.4 82 0.25 1800
Siy-DLC 0.2 150 0.25 2200

Ex: Young’s modulus (GPa), PRXY: Poisson�s ratio, D: Density (kg/m�3)
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on stainless steel, aluminum alloy and copper alloy. First, when
a load (150 mN) is applied, the maximum stress is concentrated
mainly near the top surface for multilayered Si-doped DLC film
system on different substrates. Table 6 lists the maximum von
Mises stress and shear stress of multilayered Si-doped DLC
film having a thickness of 5.5 lm. The maximum von Mises
equivalent stress and corresponding maximum shear stress of
the film coated on stainless steel were 12.51 and 1.19 GPa,
respectively. Thus, multilayered Si-doped DLC film deposited
on aluminum alloy and copper alloy substrate can provide
greater stress shielding and prevent substrate wear. Second,

aluminum alloys and copper alloys produce greater stress
concentrations at the substrate–film interface than stainless steel
substrates. The failure of the substrate–film interface is the most
important factor to induce the failure of the film. Therefore, the
multilayered Si-doped DLC film has poor adhesion on the
aluminum alloy and the copper alloy substrate and is more
susceptible to failure. More importantly, the excellent adhesion
strength of the multilayered Si-doped DLC film can effectively
prevent the film from being worn during the dry-slip process. In
addition, different stress fields were observed in the low Si
content layer and the high Si content layer due to the difference

Fig. 9. Contour plots of the von Mises stress and shear stresses for a 5.5-lm multilayered Si-doped DLC system with different substrates: (a,
b) stainless steel, (c, d) aluminum alloys and (e, f) copper alloys

Table 6 Maximum von Mises stress and maximum shear stress of multilayered Si-doped DLC films deposited on
different substrates with a thickness of 5.5 lm

Stainless steel Aluminum alloy Copper alloy

von Mises stress, GPa 12.51 3.06 5.27
Shear stresses, GPa 1.19 0.23 0.44
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of elastic modulus. The difference of stress field between
different layers may affect the branching and deflection of
cracks at the interface. Therefore, based on the above analysis,
the wear resistance of the film on different substrates is related
to the contact stress and the adhesion. Effective stress shielding
can improve the wear resistance of films on different substrates.

4. Conclusions

In this study, multilayered Si-doped DLC films with
thicknesses of 5.5, 10.1, 21.8 and 28.3 lm were deposited on
stainless steel, aluminum alloy and copper alloy by PECVD
techniques. The main results discussed from the above are as
follows:

(1) The interaction between the compressive-stressed Six-
DLC and the tensile-stressed Siy-DLC can reduce the
internal stress, and the continuous growth of the multi-
layered Si-doped DLC film can be successfully per-
formed on SUS 304 stainless steel, 3004 aluminum
alloy and T3 copper alloy.

(2) The results of nanoindentation tests show that the hard-
ness of multilayered Si-doped DLC film on the stainless
steel and aluminum alloy substrates increased with
deposition time. However, the high mismatch interface
between the carbon and the copper atoms, resulting in
the multilayered Si-doped DLC film having a thickness
of more than 10 lm on the copper alloy substrate, was
partially peeled off. Therefore, a large internal stress re-
lease reduces the hardness of the film.

(3) During the scratch test, the adhesion of multilayered Si-
doped DLC film on stainless steel, aluminum and cop-
per alloy substrates increased with film thickness. The
multilayered Si-doped DLC film on the copper alloy
substrates shows poor adhesion strength induced domi-
nantly by the high mismatch interface between the car-
bon and the copper atoms.

(4) The sliding friction test also shows that the film with a
smaller thickness (< 20 lm) is prone to shear deforma-
tion and the friction coefficient is increased. The fluctua-
tion and increase in the coefficient of friction can be
attributed to the uneven distribution of internal stress
and surface deformation. The stress shielding and adhe-
sion determine the wear resistance of the multilayered
Si-doped DLC film on different substrates.
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