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In this study, diamond-like carbon (DLC) films are coated by bipolar-pulsed PECVD onto oxynitriding-
treated JIS SKD11 steel. In order to evaluate the properties of the DLC/oxynitriding films on SKD11 steel,
Raman spectroscopy analysis, wear tests, adhesion tests, hardness tests and corrosion resistance inspec-
tions are performed. The experimental results show that the DLC/oxynitride duplex layers possess ideal
wear and corrosion resistance when DLC films are deposited by unbalanced bipolar-pulsed voltage, with
a coating time of 90 min and duty cycles maintained at 15%. The highest surface hardness (Hvoozs
2 830.7) and lowest wear volume loss (when the load of 2 N and sliding speed of 0.05 m-s~' is 4.07 x
102 mm® and the load of 5 N and sliding speed of 0.256 m's ' is 5.83 x 10 mm?®, respectively) are
obtained. In addition, the optimal DLC/oxynitride films also possess the lowest corrosion current (leor =
2.66 x 10 A-cm ?) and highest polarization resistance (R, = 1.57 x 10* Q-cm?) in 3.5 wt% NaCl solu-

tions.
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1. Introduction

Traditionally, JIS SKDI11 tool steel is corresponding to
the AISI D2. Since this material possesses high hardness
and excellent wear resistance, it is usually used as a mold
material and cutting tools."? In order to improve the tool
life, many studies have focused on surface treatment as a
method of protecting the internal material.?)

Nitriding is a thermo-chemical process with nitrogen dif-
fusion, which leads to increase the surface hardness of the
treated steels. It reveals an effective improvement of thermal
fatigue characteristics due to the effects of compressive
stress and the hardened surface.® In addition, oxynitriding
processes use air or steam at the end of the nitriding stage;
used as an oxidizing medium, they are an integral part of
the treatment. Generally, the oxynitriding process can form
several kinds of nitride (Fe;N, Fe;N and FesN) and oxides
(FexOs5 and Fe304). Especially, the Fe;O4 layer of oxidation
treatment can effectively protect and improve the erosion
and corrosion resistance of steels.*”

Diamond-like carbon (DLC) films are metastable amor-
phous carbon (sp® and sp? bonds) materials with superior
tribological characteristics.”’ The high hardness, low friction
coefficient and chemical resistance of the DLC films make
them good candidates as protective coatings for metal, steels
and optical or electronic components.” Recently, direct cur-
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rent pulsed (DC-pulsed) plasma-enhanced chemical vapor
deposition (PECVD) is one of the most promising meth-
ods for surface modification of tool steels used in various
industries.*'? This technique enables the uniform coating
of complex-shaped parts like forming tools or the die cast-
ing components because of the higher operating pressure as
compared to PVD, and due to plasma activation of the gas
phase, lowers the deposition temperature significantly as
compared to conventional thermal CVD. Other studies also
indicated that the DLC films problem in sustaining stable
plasma conditions during the deposition of insulating films
could be solved by using bipolar-pulsed plasma sources.
Meanwhile, the adhesion and properties of DLC film can be
improved effectively.'"'? Since the bipolar-pulsed PECVD
is believed to be less problematic with respect to electrical
charging and arcing than unipolar-pulsed technology.”

JIS SKDI11 steel is a widely used cold work tool steel
due to its high wear resistance and appropriate toughness.
The Fe;04 layer of an oxynitriding treatment can effectively
protect and improve the erosion and corrosion resistance
of steels. In this study, the DLC/oxynitriding duplex treat-
ment utilized a bipolar-pulsed PECVD process to coat the
oxynitriding-treated SKD11 steel in order to study the char-
acteristics of DLC films and so increase tool life.

2. Experimental Procedures

In the research, JIS SKD11 steel was chosen as the sub-
strate material which was to undergo a homogeneous heat
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treatment: nitrogen was quenched at 1 030°C and tempered
at 520°C for 3 h; this process was repeated 3 times to reach
a hardness of 60+ 1 HRC. The steel was then subjected to
various surface treatments, including oxynitriding and a
DLC coating with oxynitriding. A typical microstructure
of JIS SKDI11 steel was obtained through commercial heat
treatment, comprising the structure of tempered martensite
and various metallic carbides. The chemical compositions
(mass.%) of SKD11 steel are as follows: 1.55% C, 0.3% Si,
0.4% Mn, =0.025% P, =0.010% S, 11.8% Cr, 0.8% Mo,
0.8% V and a balance of Fe, respectively. Meanwhile, the
oxynitriding-treated specimens of SKD11 steel were nitrid-
ing treated for 8 h at 480°C and oxidized via steam for 30
min at 480°C.

The DLC/oxynitriding duplex treatments, in which oxyni-
triding was treated the same as the abovementioned process,
involved depositing a DLC coating onto oxynitriding-
treated SKD11 steels. The DLC coating utilized bipolar-
pulsed PECVD technology. In this work, the 5% duty cycle
of the bipolar-pulsed PECVD meant that the plasma depo-
sition time was only 5 us during 100 us. Simultaneously,
the Ton™ (or Ton ) of the positive-pulsed duty cycle was
kept at 10 us and the Toi" (or Togr ) was 40 us. In order
to study the effects of different duty cycles of the bipolar-
pulsed PECVD process, the positive-pulsed duty cycle was
maintained at 10% and the negative-pulsed duty cycles
were 5%, 10%, 15%, 20% and 25%, respectively. The dif-
ferent duty cycles of the bipolar-pulsed PECVD process
are designated as 5%, 10%, 15%, 20% and 25%, hereafter.
Simultaneously, we also measured the power density of
energy of 5%, 10%, 15%, 20% and 25%, which was equal to
the 265+5 mWem 2, 3005 mWem 2, 400+5 mWem 2,
500+5 mWem 2 and 61045 mWem 2, respectively. Fur-
thermore, the coating time of the bipolar-pulsed PECVD
was maintained at 90 min; the frequency was 10 kHz; the
negative and positive voltage of unbalanced bipolar-pulsed
was kept at —1.5 and 0.3 kV, respectively. In addition, CHy4
gas (5 sccm) was added at less than 1.33 Pa and continued
for 90 min, and followed by depositing of the DLC films.

In order to evaluate the properties of DLC films for DLC/
oxynitriding treated SKD11 steel by different duty cycles
of the bipolar-pulsed PECVD, the Raman spectroscopy
analysis (MOF-iHR550), wear test (POD-FM406), rough-
ness test (ET4000A), indentation test (Indentec-8150LK),"”
scratch test (ASTM C1624-5, JLST022 Scratch Tester J &
L Tech. Co., Korea) and SEM (Hitachi-S4700) microstruc-
ture inspections were performed. The wear resistance of
the specimens was evaluated in a ball-on-disk test (ASTM
G99). The wear test parameters were as follows: the speci-
men size was @¥36xD5 mm, diameter of WC ball (HRA
90+ 1) was 6 mm, disk rotation was 200 rpm and total rota-
tion was 10 000 revolutions, axial load was 2 N and sliding
speed was 0.05 m's ™!, another wear parameter was load of
5 N and sliding speed of 0.25 m's ™.

Furthermore, corrosion potential analysis uses three elec-
trodes method and follows by ASTM G59-97: the reference
electrode is a saturated of silver-silver chloride electrode,
auxiliary electrode uses a platinum electrode, and the work-
ing electrode is connected to the test specimens [4]. The
contact area of the specimen was 2.01 ¢cm?® The corrosive
solvent used 3.5 wt.% NaCl was maintained at room tem-
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perature. A scanning speed of 0.01 Vs ™', initial potential of

—1.5V, and the final potential of 1.0 V were controlled. The
polarization curve was obtained by Corr-View software to
analyze and compare the corrosion potential (Ecor), corro-
sion current (Ie,r) and polarization resistance (R,) of DLC/
oxynitriding treated SKD11 specimens.

3. Results and Discussion

Figure 1 shows the XRD patterns and surface hard-
ness of the oxynitriding-treated SKD11 steel. The primary
phases and structures of the oxynitride layer were Fe;O,
Fe;N (€ phase) and FesN (Y’ phase), as shown in Fig. 1(a),
while o~Fe and Cr were the main matrix elements for the
SKDI11 steel, which also appeared in the XRD patterns.
This result proved that the SKDI11 steel, which was suc-
cessfully nitride-treated at 480°C for 8 h and oxide-treated
at 480°C for 30 min, possessed a well-oxidized layer and
stable crystal structures.

The surface hardness was measured at an applied load of
0.49 N (approximately equal to 50 g, which we express by
Hvy s in this study and tested at least three times) along the
cross section of the test pieces through the micro-hardness
tester (VMT-XT). Consequently, the depth profile of the
microhardness of oxynitriding-treated SKDI11 steel was
obtained as shown in Fig. 1(b). Because the specimen’s
surface possessed a higher concentration of oxide and nitro-
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Fig. 1. XRD patterns and hardness test results of the oxynitriding
treated SKDI11 tool steel. (Online version in color.)



ISIJ International, Vol. 55 (2015), No. 12

gen ions, a significant hardening effect of the atomic lattice
was easily caused. Thus, the surface hardness of the oxy-
nitriding-treated specimen was elevated to a high of Hv s
1 399.3. However, with an increased diffusion depth, the
oxide and nitrogen concentrations were obviously reduced,
which led to a decrease in hardness. The hardness reverted
to the original hardness of the substrate (about Hvg s 710.4)
after a depth of 100 um. In the present study, the depth
of the surface-hardened oxynitriding layers (mainly FesN
and FesN structures) was about 20 yum and the diffusion
layer was less than 95 um after the oxynitriding treatments.
Significantly, the stable oxide (Fe;O4) and nitriding layers
(FesN and FesN) were successfully formed on the surface of
SKD11 steel by the oxynitriding treatments, which led to an
increase in the surface hardness of the steel.

Previous literature has indicated that an important poten-
tial benefit is that carbon clusters play a significant role in
the growth of DLC films or crystalline diamond.'* Gaussian
function dismantling and synthesis were used to calculate
the results of the integration area ratio (In/Ig) and the offset
of the G-peak by the different duty cycles of the bipolar-
pulsed PECVD.? Figure 2(a) shows that a bulge in the
Raman band occurred at 1 550 cm~'. The Raman spectra of
the different duty cycles displayed the overlaps; therefore,
it was necessary to further analyze the synthesized peak
decomposition to obtain the value of Ip/lg and the offset
of the G-peak position. Figure 2(b) shows that the 5% duty
cycles possessed the highest value of Ip/Ig (0.65) and the
smallest offset amount of G-peak (1 544.5). Upon increas-
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Fig. 2. Comparison of the (a) original Raman spectrum, and (b)
Ip/lg and G-peak of Raman analysis by different duty
cycles of bipolar-pulsed PECVD. (Online version in color.)

ing the duty cycles of the bipolar-pulsed PECVD, both the
value of Ip/lg and the position of the G-peak obviously
declined, and then rapidly rose and declined, respectively.
Consequently, the 15% duty cycle specimen possessed the
lowest value of Ip/Ig (0.52) and the relatively greater offset
amount of G-peak (1 542.7).

Previous literature has indicated” that the difference in
power matching is reflected in the response time to the tem-
porarily varying plasma states. Our previous studies® also
showed that the 5% and 10% duty cycles had more off-time
and so were sufficient to release the charge accumulation;
thus, their power density of energy and gas dissociation rate
were relatively lower, which resulted in the poor properties
of the DLC films. By increasing the duty cycle (5% —
10%) of the DC-pulsed PECVD process, the power density
of the specimen was obviously increased (2655 — 300£5
mWcem %), Furthermore, the 15% duty cycles generated the
suitable power density of 4005 mWcem 2. Conversely,
the power density of the 20% and 25% duty cycles was
higher (over 500+5 mWcm ?). The higher ion energy of
the plasma bombardment easily caused the specimen’s sur-
face energy to increase and, thus, unstable structures were
generated. This led to a maximum likelihood that the sp’
structure of the DLC films transformed to sp® and, further,
it affected the film’s characteristics so that the DLC films
gradually approached graphitization. Therefore, the 20%
and 25% duty cycles possessed a relatively higher value of
In/Ig (compared to the 15% duty cycle).

The result can also be compared with our previous study
of unipolar-pulsed PECVD. The 15% duty cycle of the
bipolar-pulsed PECVD (Ip/Ig of 0.52 and G-peak offset of
1542.7 cm™ ") resulted in better DLC films, as compared
with the optimal unipolar-pulsed PECVD (Ip/Ig of 0.63 and
G-peak offset of 1540.4 cm™'). Although the specimen
treated with bipolar-pulsed PECVD showed a lower value of
In/lG, the specimen did not show a higher G-peak offset. The
results suggest that the positive-pulsed treatment was more
effective in slowing down the particle impact. Thus, the
DLC films produced less compressive stress during deposi-
tion and had more carbon atoms to form the sp® and bond
with other carbon atoms with the bipolar-pulsed PECVD. In
addition, due to the increase in the sp® bonds, the sp? bonds
reduced to a critical value, which mitigated the G-peak
offset. This finding was consistent with our previous study.

In the research, the scratch test gradually increased the
load from 0 to 50 N, and the total traveling distance was
5 mm. All specimens showed no significant rupture of
the DLC films after the scratch tests. Even at a maximum
load of 50 N, at the end of the scratch test a good bonding
strength of the DLC films was still retained. Figure 3 shows
the variations of the friction coefficient for the scratch test
for the different duty cycles of bipolar-pulsed PECVD.
Clearly, the friction coefficients of the different duty cycles
all displayed a similar gentle level (from 0.5 to 2.0 mm of
the scratch distance). However, the friction coefficient of the
15% duty cycle was a relatively smooth level after the 2.0
mm scratch distance. This result showed that the specimens
of the 15% duty cycles had a relatively better ability to resist
rupture and also possessed the more stable adhesion strength
of DLC films. However, the optimum adhesion strength of
DLC films needed to be confirmed and analyzed.
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Figure 4 shows the SEM images of the loading impact
test (Rockwell C scale indentation) by different duty cycles
of the bipolar-pulsed PECVD process. In addition to the
radial cracks of the substrate, there was no other significant
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Fig. 3. Comparison of the variation of the friction coefficient of
scratch test by the different duty cycles of bipolar-pulsed
PECVD. (Online version in color.)
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peeling-off phenomenon, as seen in Figs. 4(a)-4(d). How-
ever, the DLC coatings of the 25% duty cycle had a more
obviously peeled-off appearance, as shown in Fig. 4(e).
However, the radial cracks did not result from fractures of
the DLC films, but were caused by the compressive stress
on the specimen’s surface from the oxynitriding process.
Typically, the adhesion strength of DLC films on steel is
poor, and adhesion-enhancing materials have been used
directly as intermediate layers.'® In this study, the oxynitrid-
ing process used pre-treated SKD11 steel as an intermediate
layer. As a result, the nitrogen and oxide atoms entered
the interstices of the lattice via atomic diffusion, and ecas-
ily resulted in lattice deformation and surface hardening.
The 25% duty cycle treatment involved a longer plasma
bombardment, which resulted in a larger internal residual
stress and more uneven sp® and sp® structures. Therefore,
the adhesion strength of the 5-20% duty cycle-treated DLC
films belonged to the HF 1-2 grade; but the 25% duty cycle
was HF 3 grade.'>"

DLC films are metastable amorphous carbon materials
with sp® and sp® bonds. Of all the surface treatment materi-
als, DLC film has received the most attention because of its
superior tribological characteristics correlated to the fraction
of sp® bonds in the films, such as its low friction coefficient
and high wear resistance.” Generally, the volume loss of
the wear tests allows the wear rate of the material to be

Fig. 4. SEM images of the loading impact test by the various duty cycles of bipolar-pulsed PECVD: (a) 5%, (b) 10%, (c)
15%, (d) 20%, and (e) 25%. (Online version in color.)
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calculated. Figure 5 reveals the wear volume of the differ-
ent duty cycles of the bipolar-pulsed PECVD. Figure 5(a)
shows that the wear volume obviously decreased and then
increased as the duty cycles increased. The highest value of
wear volume (6.12 x 10~° mm®) appeared in the 5% duty
cycles because the properties of the DLC films exhibited
an unstable structure. In addition, the lowest wear volume
(4.07 x 107* mm?®) appeared in the 15% duty cycles. Thus,
it is possibly to say that the 15% duty cycles possessed the
optimal wear resistance during the lower loads (2 N) and
sliding speeds (0.05 ms ™).

Increasing the axial loads (2 — 5 N) and sliding speeds
(0.05 — 0.25 ms ') of the wear test obviously increased
the wear volume of all the different duty cycles. Figure
5(b) shows that the wear volumes revealed a decreasing and
then an increasing trend (8.26 x 107° — 6.65 x 107 —
583 x 107 — 7.08 x 107* — 9.71 x 107° mm’) as the
duty cycles of the bipolar-pulsed PECVD increased (5 —
10 —» 15 —520 — 25%). The lowest wear volume also
appeared in the 15% duty cycle at higher loads and fast
sliding speeds. From the above discussion and results, it was
confirmed that the 15% duty cycles of the bipolar-pulsed
PECVD possessed the optimal wear resistance.

Figure 6 shows the SEM surface morphology of the wear
test under a load of 2 N and a sliding speed of 0.05 m-s™'
for the different duty cycles of the bipolar-pulsed PECVD.
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Comparison of the wear volume loss of various wear tests
by the different duty cycles of bipolar-pulsed PECVD: (a)
load 2 N and sliding speed 0.05 m-s ', and (b) load 5 N and
sliding speed 0.25 m-s ', (Online version in color.)

Fig. 6. Surface morphology observations of wear test (sliding speed 0.05 m's™' and load 2 N) by the different duty
cycles of bipolar-pulsed PECVD: (a) 5%, (b) 10%, (c) 15%, (d) 20%, and (e) 25%.
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Figures 6(a) and 6(b) show the relatively wide wear tracks,
while Fig. 6(c) shows a significantly narrow wear track. It
was reasonable to speculate that the 15% duty cycles with
more sp> bonding and a stable DLC structure resulted in the
good adhesion strength and wear resistance. In addition, Fig.
6(d) shows a narrow and deep wear track. Moreover, the
specimen of the 25% duty cycles generated a little spalling
phenomenon between the DLC/oxynitrided films and the
SKD11 substrate and displayed a wide and deep wear track,
as shown in Fig. 6(e).

Figure 7 shows the SEM surface morphology of the wear
test under a load of 5 N and a sliding speed of 0.25 m-s™'
by the different duty cycles of the bipolar-pulsed PECVD.
Notably, Figs. 7(a) and 7(b) show a severe spalling phenom-
enon between the DLC/oxynitrided films and the SKDI11
substrate. The DLC films also generated micro-cracks which
extended outward, which caused a large area of spalling on
the coating. The 5% and 10% duty cycles of the bipolar-
pulsed PECVD showed poor wear resistance under a high
load and high sliding speed in the wear tests. The EDS
composition analysis of Figs. 7(a) and 7(b) is listed in Table
1. Significantly, the compositions of positions 1 and 3 had
a higher W element content (Figs. 7(a) and 7(b)), which
showed the obvious wear tracks. Positions 2 and 4 had no
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W elements; their main composition included C, Cr and Fe
elements. They also possessed higher contents of O and N
elements. It was judged that the areas of positions 2 and 4
still retained DLC film and oxynitriding layers. In addition,
the 15% duty cycles showed quite shallow wear tracks and
little spalling phenomenon between the DLC/oxynitriding
films and the SKD11 substrate (Fig. 7(c)). The 20 and 25%
duty cycles revealed more deep wear tracks and a uniform
abrasive mechanism, as shown in Figs. 7(d) and 7(e). Our
previous study® indicated that the higher plasma energy eas-
ily caused the collision to be more intense under the plasma
atmosphere, so that the DLC structure had a low content of
both sp® carbon and hydrogen. It was reasonable to specu-
late that when the duty cycles were increased to 20% and

Table 1. EDS composition (at.%) analysis of wear specimens at
four different spots as indicated in Figs. 7(a) and 7(b).
C 0] Cr Fe w Si N
Position 1 ~ 14.06 58.13  2.38 23.00 243 - -
Position2 2621 17.59 372 3194 - 145 19.09
Position 3 30.75  49.87 1.85 14.86 1.51 1.16 -
Position4 ~ 31.18 10.11  17.33  12.60 - - 28.78

Surface morphology of wear test (sliding speed 0.25 m's ™! and load 5 N) by the different duty cycles of bipolar-

pulsed PECVD: (a) 5%, (b) 10%, (¢) 15%, (d) 20%, and (¢) 25%.
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25%, the sp® easily transformed to sp?, which formed an
unstable DLC structure. The DLC coating peeled off and

fatigue tracks obviously appeared in the 25% duty cycles of

the bipolar-pulsed PECVD. At the same time, the wear tests
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—— Duty cycle 10% —~ ————
= Duty cycle 15%
— Duty cycle 20%—_ -
Duty cycle 25% P
~

L1l Ll

10°
I (Amps/cm?)
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10° 107 10° 10* 10°

. 8. Tafel results of SKDI1 specimens by various duty cycles
of bipolar-pulsed PECVD after 3.5 wt.% NaCl corrosion
test. (Online version in color.)

Fig. 9.

produced more obvious cracks and a spalling phenomenon,
as shown in Fig. 7(e). Thus, the specimens of the 15% duty
cycles possessed the best wear resistance.

Figure 8 shows the Tafel slope results of the SKDI1
specimens for the various duty cycles of bipolar-pulsed
PECVD after the 3.5 wt% NacCl corrosion test. All the dif-
ferent duty cycles of the bipolar-pulsed PECVD possessed a
significant passivation phenomenon after the 3.5 wt% NaCl
corrosion test. The passivation effect of the various duty
cycles of the bipolar-pulsed process was more obvious than
that of the unipolar-pulsed voltage of the PECVD.? Since

corrosion test: (a) 5%, (b) 10%, (c) 15%, (d) 20%, and (e) 25%. (Online version in color.)
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SEM observations of SKDI11 specimens by various duty cycles of bipolar-pulsed PECVD after 3.5 wt.% NaCl

Table 2. Comparison of the corrosion resistance of SKDI1 speci-
mens by various duty cycles of bipolar-pulsed PECVD
after 3.5 wt.% NaCl corrosion test.

Specimens  Ieorr (X10 * Aem™)  Eeorr (Volts) R, (x10° Q-cm?)
5% 5.01 —-0.87 8.36
10% 3.04 —-0.78 11.1
15% 2.66 —-0.70 15.8
20% 3.52 —-0.75 7.38
25% 5.57 —-0.89 4.67
© 2015 IS
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the passivation layer possessed a protective effect, it was
shown that the bipolar-pulsed PECVD had the better cor-
rosion resistance. A comparison of the corrosion resistance
of the different duty cycles of the DLC/oxynitriding-treated
SKDI11 specimens is listed in Table 2.

From the view point of corrosion behavior, the samples
with a lower current density (Icory) and higher potential (Ecor
or polarization resistance R;) evidenced better corrosion
resistance.'® Table 2 lists the corrosion resistance (Teorr> Ecorr
and Ry) of the different duty cycles of the DLC/oxynitrid-
ing-treated SKD11 specimens. The lowest corrosion current
(2.66 x 107° A-cm~?) and highest polarization resistance
(1.58 x 10* Q-cm?) of the SKDI11 specimens appeared in
the 15% duty cycles of the bipolar-pulsed PECVD proce-
dure. Our previous studies®™ indicated that the oxidation-
treated steel usually formed a passive film (normally Fe;O4
structures), which contributed to a better anti-corrosion
property during the corrosion test. Although the DLC films
possessed excellent chemical inertness, the sp? bonding gen-
erally accelerated the electromigration between the substrate
and etching solutions, which resulted in increased current
density and reduced corrosion resistance. Only with stable
sp® and sp® bonding structures could good corrosion resis-
tance be produced. Thus, the stable DLC structure and oxide
layers of the DLC/oxynitriding-treated films were essential
to improving corrosion resistance.

Figure 9 shows the SEM images of SKD11 specimens by
the various duty cycles of the bipolar-pulsed PECVD after
the corrosion tests. It was found that severe and uniform
corrosion appeared in the specimen of the 5% duty cycle, as
shown in Fig. 9(a). As the duty cycles of the bipolar-pulsed
PECVD increased, the sp® bonding structure of DLC stabi-
lized and resulted in improved corrosion resistance. Minor
uniform and pit corrosion appeared in the 10% duty cycle
specimen, as shown in Fig. 9(b), while there was almost no
significant corrosion in the 15% duty cycle specimen, as
shown in Fig. 9(c). However, the higher plasma energy of
the 20% and 25% duty cycles easily transformed the sp® to
sp” bonding, which led to an unstable DLC structure and a
significant decrease in corrosion resistance. More pit corro-
sion appeared in the 20% and 25% duty cycle specimens, as
shown in Figs. 9(d) and 9(e). Consequently, the specimen of
the 15% duty cycle of the bipolar-pulsed PECVD possessed
the optimal corrosion resistance in a 3.5 wt% NaCl solution.

4. Conclusions

The experimental results showed that a 20 um oxynitride
layer and 1-2 um of DLC thin films could be successfully
obtained after JIS SKDI11 steel was treated by the DLC/
oxynitriding duplex treatment. In this study, the optimal
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duty cycles of the bipolar-pulsed PECVD for coating DLC/
oxynitriding films onto JIS SKDI11 steel was 15%. The
lower duty cycles (5% and 10%) had more off-time suf-
ficient to release the charge accumulation; thus, the gas
dissociation rate was relatively lower, which resulted in the
poor properties of the DLC films. Conversely, the higher
duty cycles (20% and 25%) with a longer period of plasma
bombardment, easily led to a greater internal residual stress
and more uneven sp® and sp” structures.

In addition, the lowest corrosion current (2.66 x 10°°
A-cm™?) and highest polarization resistance (1.58 x 10*
Q-cm?) appeared in the specimen of the 15% duty cycle.
When the duty cycle (15 — 20 — 25%) of the bipolar-
pulsed PECVD process was increased, the ion energy of
the plasma bombardment was too high and resulted in the
rapid increase in the specimen’s surface energy. As a result,
the sp® structure of the DLC films was transformed to sp?,
thus decreasing their corrosion resistance. Significantly, the
optimal DLC films effectively improved the tribological and
corrosion properties of the DLC/oxynitriding-treated JIS
SKDI11 steel, as evidenced by the experiment using a 15%
duty cycle of bipolar-pulsed PECVD technology.
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