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A B S T R A C T

DC-pulsed PACVD technique was employed for deposition of nitrogen-doped DLC and DLC coatings on 316
stainless steel. The Raman spectroscopy and AFM analysis were utilized to evaluate the structural properties and
surface morphology of the coatings. In order to investigate the wettability of the samples, surface energy was
calculated using optical contact angle. Potentiodynamic polarization and EIS tests were applied to assess the
corrosion behaviour of the specimens. Moreover, XPS investigation was undertaken in order to study corrosion
mechanism of the coatings after immersion in 3.5 wt% NaCl solution for one week. It was found that the DLC
coating has better corrosion resistance compared to N-DLC coating. Furthermore, higher reduction of CeC (sp2)
bonds compared to CeC (sp3) bonds was observed after the immersion test. Additionally, the amount of C]O
and COOH bonds in DLC coatings increased more than N-DLC coating.

1. Introduction

Diamond-Like Carbon (DLC) coating has been of interest to re-
searchers due to its exclusive properties such as excellent wear re-
sistance, biocompatibility, and proper corrosion resistance [1–3]. These
unique properties make them to be utilized in automotive, aerospace,
oil and gas, and medical industries [4–6]. Various techniques have been
employed to deposit the DLC coatings such as the Physical Vapour
Deposition (PVD) [7,8], Chemical Vapour Deposition (CVD) [9,10], and
electro deposition methods [11,12]. It is worth mentioning that using
different techniques could result in a wide range of mechanical and
electrochemical properties [13–15]. The critical factor to determine
these properties of coatings is the ratio of sp3/sp2 bonded carbon
(diamond with sp3 hybridization and graphite with sp2 hybridization)
[16,17]. Changing the process parameters in each technique as well as
the carbon source (target or gas) change the sp3/sp2 ratios of DLC
coatings [18–20].

Moreover, the properties of DLC coatings are modified by doping
various elements such as iron [21], titanium [22], nitrogen [23], silicon
[7], and fluorine [24]. It has been shown that doping metallic elements
changes the structure of the coating, surface roughness, and wear re-
sistance. It has been also reported that metallic dopants result in the
formation of carbides which significantly change the mechanical and
electrochemical properties of the coating [25–27]. Regarding non-me-
tallic elements, incorporation of the silicon to DLC coating decreases

internal stress and improves tribological behaviour [28,29]. Further-
more, silicon-doped DLC coatings represent high corrosion resistance
due to their dense coating structure which prevent chloride ions attack
[30]. On the other hand, doping fluorine into DLC leads to a decrease in
the number of dangling bonds which subsequently reduces surface
energy of the DLC coatings [30]. Moreover, nitrogen incorporation to
the DLC gives rise to the transformation of sp3 to sp2 carbon hy-
bridization [31]. Accordingly, the adhesion of the nitrogen-doped DLC
coating is improved due to its lower internal stress compared to the DLC
coating. By doping nitrogen to the DLC coating, the band gap is re-
duced, which results in higher electrical conductivity of the coating
[32].

The corrosion behaviour of DLC coating is influenced by the ratio of
sp3/sp2 hybridized carbon atoms, porosity, roughness, and chemical
structure of the coated layer [13,33]. On the other hand, few studies
showed that the doping element affects the electrochemical behaviour
and corrosion resistance of the coating [34,35]. To justify these ob-
servations, some researchers suggested that the dopant changes the
passivation behaviour of the DLC coating by forming an inert oxide
compound on the surface which enhances the corrosion resistance [36].
On the other hand, depending on doping element, defects of the DLC
structure can be decreased or increased. Khun et al. [37] reported that
the incorporation of nitrogen to the tetrahedral amorphous carbon (ta-
C:N) coating, causes nitrogen aggregation which decreases corrosion
resistant.
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Most of the previous researches regarding effect of doping element
in DLC coating have been focused on the tribological and mechanical
properties. Nonetheless, studies on their corrosion behaviour are rather
scarce. To the best of our knowledge, the comprehensive study on the
corrosion behaviour of DLC coatings have not been studied yet. The
main aim of this study is to evaluate the influence of nitrogen doping on
the corrosion behaviour of DLC coatings deposited by PACVD tech-
nique.

2. Materials and methods

The AISI 316 austenitic stainless steel was used in this study as a
substrate, which its chemical composition is given in Table 1. Speci-
mens dimension was 20mm×20mm×2mm. Samples were

grounded with 400, 600, 800 and 1200 SiC papers and polished me-
chanically with diamond paste. Thereafter, samples were cleaned in
ultrasonic bath using acetone, and subsequently were rinsed with dis-
tilled water.

In order to achieve the adequate adhesion of the films to the sub-
strate, the plasma nitriding was applied by the direct current (DC)
pulsed plasma assisted chemical vapour deposition (PACVD) technique
at 450 °C for 4 h in an atmosphere containing nitrogen (75 sccm) and
hydrogen (25 sccm). Afterwards, the diamond-like carbon coating
(DLC) and nitrogen doped diamond-like carbon coating (N-DLC) were
deposited by the DC pulsed PACVD technique at a temperature of
120 °C for 90min. The duty cycle, frequency, and the chamber pressure
was 75%, 10 kHz, and 5mbar, respectively. The flowrates of methane
and argon were 10 sccm and 40 sccm for DLC deposition, and the
flowrates of the nitrogen, methane, and argon were 10 sccm, 10 sccm,
and 40 sccm, respectively for N-DLC deposition. Three samples were
used for each measurement.

Raman analysis was performed to study the chemical bonding
structure of the coatings by Horiba Yvon Xplora visible Raman spec-
troscopy. The analyses were performed over a wavelength range of 800

Table 1
Chemical compositions of the 316 stainless steel (wt%).

Fe Cr Ni Mo Mn Si Cu V Co C

66.5 16.9 11.7 2.5 1.52 0.49 0.50 0.08 0.07 0.02

Fig. 1. The SEM cross-sectional images of a) DLC and b) N-DLC coatings. N10 T120 specimen and substrate. The FESEM surface morphology of c) DLC and d) N-DLC
coatings.
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to 2000 cm−1. In order to evaluate the Raman spectrum results, the D
and G peaks were fitted to Gaussian curves.

To study the surface morphology and roughness of the coatings, the
Atomic Force Microscopy (AFM) measurement were performed.
Contact angle measurements were carried out by OCA 15 plus system
using water and diiodomethane liquids. Moreover, the surface energies
of the specimens were calculated using the Owens–Wendt model.

Potentiodynamic polarization measurements of samples were con-
ducted in 3.5 wt% NaCl solution, at room temperature using an
AUTOLAB PGSTAT 302 N instrument. A conventional three electrode
setup cell was used for the measurements. The coated sample with the
surface area of 1 cm2 was assigned as a working electrode, Saturated
Calomel Electrode (SCE) was served as the reference electrode, and a
platinum plate was used as the auxiliary electrode. The potential scan
rate of Tafel polarization tests was 1mV/s in potential range of 0.2 V to
1 V relative to open circuit potential (OCP). Electrochemical Impedance
Spectroscopy (EIS) test was applied in 3.5 wt% NaCl aqueous solution
over the frequency ranging from 100 kHz to 10mHz with a 5mV (peak
to peak) amplitude signal. All of the corrosion tests were performed
three times in order to be sure about reproducibility.

The X-ray photoelectron spectroscopy (XPS) was applied on the
surface of the coatings before and after immersion in 3.5 wt% NaCl
solution for one week using Gammadata-scienta ESCA 200. The XPS
analyses were conducted at a pressure of 10−9 Torr, and the power of
200W. The atomic percentage and peak fitting of the spectra were
calculated by Casa XPS software. The linear background adoption for
C1s peaks and the same Full-Width Half Maximum (FWHM) for sub
peaks are considered.

3. Results and discussion

3.1. Cross section and surface morphology

Fig. 1a and b illustrate the SEM cross-sectional micrographs of the
DLC and N-DLC coatings. The thickness of the N-DLC and DLC coatings
are 710 nm and 850 nm. By implementation of nitrogen gas inside the
chamber, the deposition rate and the coating thickness decrease. Be-
cause the most important factor in the deposition of the coating is the

presence of hydrocarbon components in the plasma. By introducing the
nitrogen gas flow rate in the plasma, the amount of hydrocarbon
components and the deposition rate are reduce. The surface mor-
phology of DLC and N-DLC coatings are shown in Fig. 1c and d which
illustrate the cauliflower-like structure of the coatings. The carbon-
amorphous regions which are called nodules are bonded to each other.

3.2. Raman spectroscopy

Raman analysis is a non-destructive method to evaluate the struc-
ture of the hydrogenated DLC coating. Two main peaks of D & G in
Raman spectra of the DLC coatings are located at around 1350 cm−1

and 1550 cm−1, respectively. The G peak arises from the bond
stretching of all sp2 atom pairs and the D peak initiates from the dis-
ordering of the sp2 atom pairs in rings [38]. Three main parameters for
evaluating the structure of the DLC coatings are namely: the intensity
ratio of D to G peak (ID/IG), position and Full width at half maximum
(FWHM) of the G peak. The de-convoluted Raman spectra of the N-DLC
and DLC coatings are shown in Fig. 2a and b, respectively. Three typical
parameters which were mentioned above are listed in Table 2. By
doping of nitrogen into the DLC coating, the ID/IG ratio are increased
and the G peak position is shifted to the higher wavelengths, in con-
trast, the FWHM of the G peak is decreased. Results imply that by in-
corporation of nitrogen to the DLC, the structure of the coating becomes
more graphitized. By nitrogen doping to the structure of the DLC
coating, hydrogen replacement by nitrogen atoms decreases the amount
of CeH bonds and accelerates the transformation of sp3 to sp2. It is due
the fact that the CeH bonds in the DLC coating play a key role to sta-
bilize the sp3 carbon bonds [39].

3.3. AFM

Three-dimensional AFM images of the surface morphology of the
DLC and N-DLC coatings are shown in Fig. 3a and b. Images show
nodules on the surface of the coatings which are formed by bonding of
amorphous-carbon regions. In order to determine the surface rough-
ness, two-dimensional AFM images of the coatings surfaces are shown
in Fig. 4a and b. The corresponding surface roughness profiles from
black line in two-dimensional images of the N-DLC and DLC specimens
are shown in Fig. 5a and b. The height difference between peaks and
valleys in the N-DLC sample is greater than that of DLC specimens
which demonstrates more asperities are formed on the surface of N-DLC
coating. The Root Mean Square (RMS) roughness of the coatings from
an area of 20×20 μm2 was calculated to be 64 nm and 148 nm for DLC
and N-DLC coatings, respectively. The presence of nitrogen ions in the
plasma atmosphere leads to more ion bombardment and etching on the

Fig. 2. The deconvlouted Raman spectra of the a) N-DLC and b) DLC coatings.

Table 2
The Raman results obtained by fitting of the spectra of the coatings.

Specimen ID/IG G position (cm−1) FWHM of G (cm−1)

DLC 0.48 ± 0.006 1530 ± 15 157 ± 1.9
N-DLC 0.93 ± 0.008 1567 ± 14 104 ± 1.7
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N-DLC coating surface than DLC sample, and results in its higher sur-
face roughness.

3.4. Wettability

The wettability of DLC and N-DLC coatings was studied via static

contact angles measurement using water and diiodomethane liquids.
The water and diiodomethane drops on the coatings surface and cor-
responding contact angle values are shown in Fig. 6a–d. The contact
angle of the DLC and N-DLC coatings using water drop are respectively
57° and 45°. Moreover, the measured values of diiodomethane drop are
32° and 23° for DLC and N-DLC samples, respectively. The lower contact

Fig. 4. 2D AFM images of the a) N-DLC and b) DLC coatings.

Fig. 5. Surface roughness profile of the a) N-DLC and b) DLC coatings.
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angle values of the N-DLC sample confirms its higher wettability.
In order to assess the surface energy of the coatings, the

Owens–Wendt model was used in the form of following equation [34].

∙ + = ∙ + ∙γ cosθ γ γ γ γ(1 ) 2( )l s
d

l
d

s
p

l
p

(1)

where θ is the contact angle, γ stands for surface free energy, super-
script d and p denote dispersive and polar components. The γlp and γld
for water are 51mJ/m2 and 21.8 mJ/m2, respectively. For diiodo-
methane, these values are 0.38mJ/m2 and 50.42mJ/m2 [40]. Fig. 7
shows the calculated total surface energy and its corresponding dis-
persive and polar components of the samples. The total surface energy
of the DLC specimen is 53.65mJ/m2 which its dispersive and polar
components are 39.48mJ/m2 and 14.17mJ/m2, respectively. The total
surface energy of the N-DLC sample is approximately 61.93mJ/m2

including the dispersive energy of 42.02mJ/m2 and the polar energy of
19.91mJ/m2. According to the obtained results, the surface energy of

the N-DLC coating is higher than that of the DLC coating.
As discussed previously in Section. 3.2, the surface roughness value

of the N-DLC coating is higher than the DLC coating. According to the
Wenzel's theory [34], the hydrophilic surfaces (θ < 90°) become more
hydrophilic with increasing surface roughness. In other words, by in-
creasing the surface roughness of the DLC coating as a result of the
nitrogen doping, its wettability increases. Moreover, by incorporation
of the nitrogen atoms to the DLC coating and the replacement of the
hydrogen atoms with them, the number of dangling bonds on the sur-
face of the coating is reduced. The dangling bonds on the surface reduce
the wettability of the coating due to the presence of hydrogen bonds
[41]. Therefore, the N-DLC coating shows a higher wettability due to its
lower dangling bonds.

Fig. 6. Image of water drop placed on the a) N-DLC and b) DLC coatings. Image of diiodomethane drop placed on the c) N-DLC and d) DLC coatings.

Fig. 7. The total surface energy and its corresponding dispersion and polar
components of the coatings. Fig. 8. Typical potentiodynamic polarization curves of the coatings immersed

in 3.5 wt% NaCl solution at room temperature.
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3.5. Potentiodynamic polarization

The corrosion behaviour of the coated samples was evaluated in a
3.5 wt% NaCl solution through polarization technique. The polarization
curves of the samples are shown in Fig. 8. The values of the corrosion
potential (Ecorr), corrosion current density (icorr), anodic Tafel slope (βa)
and cathodic Tafel slope (βc) were calculated using Tafel extrapolation
and summarized in Table 3. The corrosion potential of the N-DLC
coating is −391mV and that of the DLC coating is −206mV. The
corrosion current density of the DLC sample was lower than N-DLC
sample which represent its better corrosion resistance.

Based on Fig. 8, DLC shows a passive region in the range of−0.17 V
to 1.1 V. On the other hand, polarization curves of the N-DLC coating
shows initially increase in current density from −0.3 V to −0.1 V.
Thereafter, by shifting the potential to positive values, current density

increases with lower rate. It should be noted that, the DLC polarization
curve shows a passive region in a wider potential range which de-
monstrates the formation of more stable passive layer compared to the
N-DLC coating. As shown in the aforementioned section, the in-
corporation of nitrogen atoms to the DLC coating increases its wett-
ability. With increasing wettability, the contact area of the coating with
electrolyte solution increases and intensifies the corrosion attack, which
in turn accelerates the dissolution of the carbon and nitrogen atoms. On
the other hand, the formation of stable passive layer on the surface of
the DLC coating reduces the electrons motion rate, which subsequently
decreases the corrosion current density. Nonetheless, the nitrogen ag-
gregation in N-DLC coating causes localize corrosion [37].

3.6. Electrochemical impedance spectroscopy (EIS)

The to obtain the information of the interfacial electrochemical
reactions of the coatings, EIS measurements were carried out in 3.5 wt
% NaCl solution at room temperature. The Bode plots of the samples are
shown in Fig. 9. As seen in the Bode plots of log |Z| vs. log f, the
maximum |Z| value is obtained for DLC sample illustrating its excellent
corrosion resistance (Fig. 9a). The two peaks in the plot of θ as a
function of the log (f) indicate that the equivalent circuit of the samples
has two time constant (Fig. 9b). Fig. 10 shows the equivalent circuit
which was chosen for fitting process and extracting the results of the
EIS test. In order to obtain the best fit results, constant phase element
was used instead of ideal capacitance. The parameters of the equivalent
circuit elements are listed in Table 4. The Rs is the solution resistance,
CPE represent the charge transfer capacitance, Rpore represents the

Table 3
Corrosion characteristics of the coatings in 3.5 wt% NaCl solution.

Specimen Ecorr (mV) icorr (A/cm2) βa (V/dec) βc (V/dec)

DLC −206 ± 8 (6.65 ± 0.16)× 10−6 0.623 ± 0.035 0.512 ± 0.032
N-DLC −391 ± 12 (5.24 ± 0.13)× 10−6 0.227 ± 0.018 0.487 ± 0.021

Fig. 9. Bode plots of a) |Z| vs. frequency, and b) degree vs. frequency of the coatings immersed in 3.5 wt% NaCl solution at room temperature.

Fig. 10. Equivalent circuit model used in the fitting of the impedance data.

Table 4
Corrosion characteristics of the coatings by EIS measurements in 3.5 wt% NaCl solution.

Specimen Rs

(Ω·cm2)
CPE1
(Ω−1 μsn·cm−2)

n1 CPE2
(Ω−1 μsn·cm−2)

n2 Rpor

(Ω·cm2)
R2

(Ω·cm2)
Rp

(Ω·cm2)

DLC 6 ± 1.1 94.7 ± 6.2 0.6921 ± 0.03 68.6 ± 5.7 0.7553 ± 0.04 70 ± 0.5 10,291 ± 99 10,361 ± 98
N-DLC 8 ± 1.4 66.3 ± 5.5 0.7955 ± 0.03 38.5 ± 2.9 0.613 ± 0.04 61 ± 0.4 7182 ± 69 7243 ± 68
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pores resistance of the coated layer and Rp is the polarization resistance.
One of the most important parameters of the EIS test is the diameter

of semi-circles. The diameter of the capacitive loop in Nyquist plots
demonstrates the corrosion resistance, which in this case was higher in
the DLC sample compared to the N-DLC sample (Fig. 11). The polar-
ization resistance of the DLC and the N-DLC sample was 10,361Ω·cm2

and 7243Ω·cm2. Additionally, the CPE value of the DLC and N-DLC
samples was 68.6 μS·cm−2 and 38.5 μS·cm−2. The higher values of the
constant phase element of the N-DLC coating are associated to its higher
surface roughness, which increases the accumulation of corrosive ions
at the interface of electrolyte and coating. According to the Raman
results obtained in Section 3.2, by doping of nitrogen atoms, the
structure of the coating becomes more graphitized. In the graphite
structure, there are free electrons between the graphite plates. By de-
creasing the sp3/sp2 ratio in the N-DLC coating, free electrons in the
structure are increased and corrosion rate rises. Furthermore, with in-
corporation of the nitrogen atoms in the DLC structure, nitrogenous
compounds such as pyridine, pyrrole, and nitrile are formed which have
non-bonded electrons [42]. The presence of these electrons in the

structure increases the electrical conductivity and the electron con-
sumption at the coating surface.

3.7. X-ray photoelectron spectroscopy

The variations of carbon, nitrogen and oxygen atomic concentra-
tions of the coatings using XPS analysis before and after being im-
mersed in 3.5 wt% NaCl solution for one week are shown in Fig. 12. The
carbon content of the DLC coating before and after immersion is ob-
tained to be 92% and 80%. For N-DLC specimen, it is also observed that
carbon concentration dropped from 74% to 63% after corrosion test.
Reduction of carbon percentage in both coatings represents the dis-
solution of carbon atoms during the corrosion test. In addition, after
immersing the N-DLC sample in the corrosive solution, the nitrogen
content drops from 18% to 12%, indicating the dissolution of nitrogen
atoms. On the other hand, the oxygen percentage of the DLC sample
increased from 5% to 20% and for the N-DLC sample, it is rose from 6%
to 17% after immersion.

The C1s high-resolution peaks of DLC and N-DLC coatings before

Fig. 11. Nyquist plots of the coated samples.

Fig. 12. Chemical composition from XPS survey spectra of the coatings before and after immersion in 3.5 wt% NaCl solution for one week.
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Fig. 13. The C1s high-resolution peaks of the DLC coating a) as-deposited and b) after immersion in the 3.5 wt% NaCl solution. The C1s high-resolution peaks of the
N-DLC coating c) as-deposited and d) after immersion in the 3.5 wt% NaCl solution.

Fig. 14. Atomic concentrations of peak deconvoluted C1s components of the a) N-DLC, and b) DLC coatings before and after immersion in the 3.5 wt% NaCl solution.
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and after immersion in the 3.5 wt% NaCl solution are shown in
Fig. 13a–d. The C1s peak was de-convoluted into five sub-peaks cor-
responding to the different bonding state of C atoms. This peak consists
of C1: CeC (sp2) at binding energy (BE) of about 284.1 eV, C2: CeC
(sp3)/CeH at BE≃ 285.3 eV, C3: CeO/CeN at BE≃ 286.5 eV, C4:C]O/
NeC]O at BE≃ 287.5 eV, and C5: COOH at BE≃ 289 eV [43–45]. As
shown in Fig. 11, with doping of the nitrogen atoms to the DLC struc-
ture, the C1s peak becomes broader due to their bonds with carbon
atoms. However, after the samples were immersed in corrosive
medium, oxide and carboxylic compounds were observed in de-con-
voluted C1s peaks.

Fig. 14a confirms the more pronounced presence of CeC (sp2) bonds
in nitrogen-doped DLC coating (as-deposited). Moreover, evaluation of
the oxygen concentration in both as-deposited coatings shows that the
concentration of the oxide (CeO and C]O) and carboxylic (COOH)
bonds are almost the same for the both coatings (Fig. 14a and b).
However, the higher CeO/NeC bonds content in as-deposited N-DLC in
comparison to as-deposited DLC is related to the presence of NeC
bonds. On the other hand, after the immersion test, it is observed that in
both coatings, the CeC (sp2) and CeC (sp3) carbon bonds decrease,
whereas the sp2 carbon bonds decrease is more noticeable. The amount
of oxide and carboxylic compounds increases in both coatings and in
this case DLC sample shows more increase of C]O and COOH bonds
compared to N-DLC sample.

The higher reduction of CeC (sp2) bonds compared to CeC (sp3)
bonds could be attributed to the weak Van der Waals bonds between the
graphite plates. The penetration of the chloride ions between the gra-
phite plates causes the graphite exfoliation and dissolution of the
carbon atoms bonded in sp2 hybridization. Considering the higher
content of the CeC (sp3) bonds and the higher concentration of the
oxide and carboxylic bonds in the DLC sample, it can be concluded that
the corrosion resistant improvement of the DLC specimen is as a result
of the sp3 carbon bonds which facilitate formation of the passive layer.
The high corrosion rate of the N-DLC coating obtained in Sections 3.4
and 3.5, as well as the observation of lower oxide and carboxylic
compounds (C]O and COOH) in the XPS test, demonstrate that the
passive layer was unstable in this specimen.

4. Conclusion

The effect of nitrogen doping on the corrosion behaviour of DLC
coating was investigated through structural evolution and electro-
chemical measurements. Raman spectroscopy results showed that by
incorporation of the nitrogen to the DLC coating, its structure becomes
more graphitized. Moreover, AFM and contact angle studies showed
that nitrogen-doped DLC coating had a higher surface roughness and
surface energy compared to the DLC coating. Corrosion studies on
samples showed that the corrosion density for the N-DLC and DLC
samples was 5.24×10−6 A/cm2 and 6.65× 10−6 A/cm2, respectively.
Additionally, EIS test results showed that the DLC coating has better
corrosion resistance than the nitrogen-doped DLC coating. The polar-
ization resistance of the DLC and the N-DLC sample was 10,361Ω·cm2

and 7243Ω·cm2. By comparing the XPS results of the samples before
and after immersion, it was found that the sp2 carbon bonds decreased
more than sp3 carbon bonds and the amount of C]O and COOH bonds
in DLC sample increased more compared to N-DLC sample. The XPS
investigation of the DLC and N-DLC coatings reveals that the presence
of sp3 carbon bonds play a key role in formation of the passive layer.
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