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Abstract

In this article, the results obtained from a study carried out on the some elements-incorporated
diamond-like carbon (DLC) films are reported. All the films were deposited using plasma-based
ion implantation (PBII) technique. The deposited films were annealed at 400°C, 650°C and 900°C in
an air atmosphere for 1 hour. The effects of adding hydrogen, silicon/oxygen and silicon/nitrogen
into the DLC film on chemical composition, friction coefficient and corrosion resistance were in-
vestigated. The films coated micro end mills performance was also assessed. The results indicate
that all the films showed almost constant atomic contents of C, Si, O and N until annealing at 400°C.
However, the films were completely destroyed at 650°C with the increased Si and O contents, while
the C content decreased. The incorporation of silicon/oxygen and silicon/nitrogen into the DLC
exhibited lower values of friction coefficients than the hydrogenated DLC (DLC and H-DLC) before
and after annealing at 400°C, whereas all the films presented the same values of friction coeffi-
cients after annealing at 650°C due to the completely destroy of the films. Furthermore, the incor-
poration of silicon/nitrogen into the DLC also exhibited better corrosion resistance and unbroken
micro end mills performance on their surfaces. Thus, the incorporation of silicon/nitrogen into
the DLC film can be considered beneficial in improving the micro end mills performance.
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1. Introduction

Micro-manufacturing is a rapidly growing worldwide industry calculated at $60 billion [1]. This rapid growth is
largely due to the increased interest in fabricating micro/meso-scaled components that will expand the micro-
and nano-scaled worlds to the macroworld [2]. One of growing importance in micro-manufacturing process is
micro end milling. Owing to the direct scale-down of macroscopic end milling, micro end milling is a material
removal process that can create high aspect ratio, three-dimensional features in a single step [2]-[4]. It is not
only limited use in special clean room environments, but also compatible with various engineering materials
such as polymers [5], metals and metal alloys [5]-[8], and pre-sintered powder ceramics [9] [10]. There are
many important challenges to overcome when scaling down end mills to microscopic sizes. For instance, micro
tools have low flexural stiffness and strength due to their small diameter, which are easily damaged, resulting in
rapid tool degradation [3] [4] [7]. Also, any chips adhering to the tool will eliminate a path for chips to void the
cutting zone and will result in a spike in the cutting forces, leading to terrible tool fracture due to the low flex-
ural strength of the tool.

Diamond-like carbon (DLC) is a metastable amorphous film that exhibits unique properties such as chemical
inertness, high hardness, low friction coefficient, and high wear and corrosion resistance. Thus, these films are
commonly applied in the protective coatings of cutting tools, magnetic storage disks and biomedical applications
[11]-[13]. However, a number of limitations exist regarding the use of DLC. Depending on the environment, the
films can exhibit a poor friction coefficient and limited corrosion resistance, as well as low adhesion between the
film and substrate due to high intrinsic compressive stress. Many researchers have reported that the introduction
of additional elements, such as silicon, oxygen, nitrogen and various metals, improves the properties of DLC
[11]. The methods used to create DLC films include ion beam assisted deposition (IBAD), magnetron sputtering
deposition (MSD), chemical vapor deposition (CVD) and plasma-based ion implantation (PBII) [14]-[17].
Among these methods, the PBII process is considered one of the most promising techniques owing to its ability
to uniformly implant and deposit ions into three-dimensional substrates with complex shapes. In this article,
PBII was utilized to prepare three different elements including hydrogen, silicon/oxygen and silicon/nitrogen-
incorporated DLC films (henceforth denoted as H-DLC, Si-O-DLC and Si-N-DLC, respectively). The aim of
this study was to investigate the effects of added-elements on the film properties and micro end mills perform-
ance after the deposition of DLC films.

2. Experimental Details

A schematic of the PBII system used for the deposition of the DLC, H-DLC, Si-O-DLC and Si-N-DLC films
was previously described in the literature [18]. Si (100) wafers measuring 0.7 mm in thickness and Tungsten
carbide (WC) end mills (Union Tool Company, Japan) with an approximate cutting edge radius of 1 mm were
used as substrates. The wafers and end mills were sputter-cleaned with Ar* for 20 min to remove residual surface
contaminants and surface oxides using a negative-pulsed bias voltage of 10 kV. Using a negative-pulsed bias
voltage of 20 kV, the DLC film interlayer was first deposited with CH, for 60 min to improve adhesion between
the film and the substrate. The DLC, H-DLC, Si-O-DLC and Si-N-DLC films were deposited at a negative-
pulsed bias voltage of 5 kV, and the total thickness of the films was approximately 500 nm. The gaseous
mixtures ratio of H-DLC (C,H»:H,), Si-O-DLC (C,H,:TMS:0,) and Si-N-DLC (C,H,: TMS:N,) films were 2:1,
14:1:2 and 14:1:2, respectively. The deposition pressure was also set to 2 Pa.

The films were used to investigate various annealing temperatures. The deposited films were annealed (held at
the following temperature) at 400°C, 650°C and 900°C in an air atmosphere for 1 hour. The properties of the
films were studied using several characterization techniques. The composition at the top surface of the films was
measured using energy dispersive X-ray spectroscopy (EDS). The friction coefficient of the films was assessed
using ball-on-disk friction testing (CSEM; Tribotester). A dry sliding test was performed using a ball indenter,
AISI440C (SUS440C, diameter of 6.0 mm) under a normal applied load of 3 N, a rotation radius of 3 mm, a
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linear speed of 31.4 mm/s, and 10,000 frictional rotations. The tests were performed under ambient air at room
temperature. The electrochemical behavior was measured with a standard three-electrode electrochemical cell.
An Ag/AgCl was used as the reference electrode with a platinum counter electrode. The potentio dynamic ex-
periment was conducted using a computer-controlled potentio stat (AUTOLAB). The specimen was immersed in
the 0.05 M NaCl solution under ambient air. After the specimen had been immersed in the experimental solution
for 30 min under open-circuit conditions, polarization experiments were conducted. The micro end mills per-
formance was conducted by machining on a 2205 duplex stainless steel workpieces measuring 2.0 mm in thick-
ness. All machining was done at 6000 rpm spindle speed, 150 mm/min feedrate without the application of any
lubricant (dry condition) for 300 holes. For each condition, three pieces of micro end mill were measured. After
the machining, diameter of micro end mills was evaluated using optical microscope.

3. Results and Discussion

The carbon, silicon, oxygen and nitrogen concentrations measured at the top surface were measured using EDS,
and values are always given in units of atomic percentage (at.%). Because hydrogen content cannot be measured
using EDS, concentrations are normalized to a total of 100 at.%, neglecting the hydrogen contribution. Figures
1(a)-(d) shows the percentage of the relative atomic contents before and after annealing in air at the top surface
of DLC, H-DLC, Si-O-DLC and Si-N-DLC films, respectively. All the films presented almost constant atomic
contents of C, Si, O and N until annealing at 400°C. However, the C content in the films rapidly decreased,
while the Si and O contents increased at annealing temperatures over 400°C, and the films were completely de-
stroyed at 650°C. This result is consistent with the finding of Yang et al. that pure DLC films were completely
destroyed over 500°C, whereas diamond-like characteristics of the Si-O-DLC films were disappeared when
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Figure 1. Percentage of the relative atomic contents of (a) DLC, (b) H-DLC, (c) Si-O-DLC and (d) Si-N-DLC films an-

nealed in air at various temperatures.
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heated to 600°C [19]. Furthermore, the H-DLC and Si-N-DLC films have the same results with the pure DLC
and Si-O-DLC films. These results imply that oxygen from the air reacted with the film during the thermal an-
nealing, and the given temperature resulted in a structural transition of the films. Consequently, the results indi-
cate that the Si and O contents increased with increasing annealing temperature, and thus the relative atomic
content of carbon decreased.

The friction coefficients of H-DLC, Si-O-DLC and Si-N-DLC compared to DLC films measured under am-
bient air are shown in Figure 2(a). The influence of the hydrogen, silicon, oxygen and nitrogen contents on the
friction coefficients of the H-DLC, Si-O-DLC and Si-N-DLC films was examined. As shown in Figure 2(a), all
the films had stable, lower values of friction coefficients and longer friction endurance within the range of 0.04 -
0.16. However, it is quite obvious that the friction coefficient of the DLC was higher than that of the elements-
incorporated DLC films. The H-DLC film had a value of friction coefficient of approximately 0.13, whereas the
Si-O-DLC and Si-N-DLC films had lower values of friction coefficients of approximately 0.06 and 0.04, respec-
tively. In the case of the Si-O-DLC film, the result indicates a low friction coefficient, which is related to the
formation of silicon-rich oxide debris and the transfer of silicon oxide layers on the steel ball surfaces [20]. This
silicon oxide layer prevents direct contact between the film and ball when sliding, resulting in the low friction
forces. Additionally, in the case of the Si-N-DLC film, the result indicates a low friction coefficient due to the
incorporation of silicon and nitrogen [21]. However, the nitrogen content may be less influential than the silicon
content, which was described in the literature [22]. These results indicate that the friction coefficient of the DLC
films is affected by the incorporation of hydrogen, silicon/oxygen and silicon/nitrogen.

The friction coefficients of the films after annealing in air at 400°C and 650°C are shown in Figures 2(b),
Figures 2(c). The results indicate that all the films had higher values of friction coefficients of approximately
0.8 because the diamond-like characteristics disappeared and the films were completely destroyed when heated
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bient air, (b) after annealing at 400°C and (c) after annealing at 650°C.

()



C. Jongwannasiri et al.

to 650°C, which was confirmed by the percentage of the relative atomic contents, as shown in Figure 1. In con-
trast, all the films annealed at 400°C still had lower values of friction coefficients, especially the Si-O-DLC film.
This is due to the reaction between the Si-O-DLC film and oxygen in the oven, inducing the formation of silicon
oxide layers on the film surface and enhancing a low value of friction coefficient of approximately 0.04. Conse-
quently, it is assumed that the incorporation of hydrogen, silicon/oxygen and silicon/nitrogen into DLC films
yields the low friction coefficients for protective coating applications when heated up to 400°C.

The potentiodynamic polarization curves of H-DLC, Si-O-DLC and Si-N-DLC compared to DLC films in
0.05 M NacCl solution are shown in Figure 3. In general, the samples with a lower current density and a higher
potential indicate better corrosion resistance. It can be clearly observed from a shift of the whole polarization
curve towards the region of lower current density and higher potential that the incorporation of silicon/nitrogen
into the DLC significantly improves the corrosion resistance. For the Si-N-DLC film, the polarization curve
moves to the region of higher potential and lower current density, while the other films exhibit a few lower or
higher potential compared to the DLC film. The enhancement in the corrosion resistance of the Si-N-DLC film
may be attributed to the reduced electrical conductivity. The low electrical conductivity of the Si-N-DLC film
reduces the electron transport and the electrical charge exchange at the surface, which are the cause of the elec-
trochemical corrosion [23]. Additionally, the H-DLC and Si-O-DLC films presented their higher and lower val-
ues of potentials, indicating better and worse corrosion resistance than the DLC, respectively. Based on these
results, the incorporation of silicon/nitrogen into the DLC film can act as a passive barrier to prevent aggressive
ions in the corrosion solution from attacking the substrate.

Finally, the performance of DLC, H-DLC, Si-O-DLC and Si-N-DLC coated micro end mills was investigated.
Figure 4 shows the diameter of coated micro end mills before and after machining on the workpieces. As shown
in Figure 4, the H-DLC and Si-N-DLC coated micro end mills had larger diameter after machining on the
workpieces. This is due to the adhesion of debris from workpiece on the micro end mills during the machining.
Furthermore, the heating occurred during the machining also can fuse the debris to the micro end mills, inducing
larger diameter on the workpieces. In contrast, the Si-O-DLC coated micro end mill had a smaller diameter after
machining on the workpiece due to lower hardness of the film (approximately 10.0 GPa), indicating deteriora-
tion of the film during the machining. These data are consistent with the diameter of hole measured at the se-
quence of 1% and 300", as shown in Figure 5. Additionally, the DLC coated micro end mill had broken during
the machining, at the quantity of 200 holes, due to higher friction coefficient of the film, which induced the
shear force occurred in the micro end mills. The uncoated micro end mill had also broken during the machining,
at the quantity of 120 holes, due to the shear force occurred in the micro end mill. Based on these results, the
incorporation of hydrogen and silicon/nitrogen into the DLC film can improve the micro end mills performance.

4. Conclusion

All the films were successfully prepared on Si (100) wafers and micro end mills using the PBII technique. The
films were investigated for the effects of adding hydrogen, silicon/oxygen and silicon/nitrogen into the DLC
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Figure 4. Diameter of the H-DLC, Si-O-DLC and Si-N-DLC
coated micro end mills before and after machining for 300 holes.
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Figure 5. Diameter of hole after machining on a 2205 duplex
stainless steel workpieces at the sequence of 1% and 300",

film on chemical composition, friction coefficient and corrosion resistance. The films coated micro end mills
performance was also assessed. All the films showed almost constant atomic contents of C, Si, O and N until
annealing at 400°C; however, the films were completely destroyed at 650°C. The Si-O-DLC and Si-N-DLC
films exhibited lower values of friction coefficients than the DLC and H-DLC films before and after annealing
at 400°C. On the other hand, all the films had the same values of friction coefficients after annealing at 650°C.
Furthermore, the Si-N-DLC film also exhibited better corrosion resistance and unbroken micro end mills per-
formance on their surfaces. Due to aforementioned reasons, it can be concluded that the Si-N-DLC film can be
considered beneficial for applying to improve the micro end mills performance.
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