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Study of the Effect of Nitrogen on Corrosion, Wear resistance and Adhesion Properties of 
DLC Films Deposited on AISI 321H
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The deposition of DLC films on 321H stainless steel aims at attributing properties such as high wear 
resistance and low friction coefficient to the substrate material. Nitrogen added to DLC can improve the 
film adhesion to metal substrates, but the investigation of its effect on corrosion resistance, an important 
property for stainless steels, is lacking. The DLC film was deposited by plasma-enhanced chemical 
vapor deposition (PECVD) using a pulsed-DC power supply with a gas mixture of Ar and CH4, and to 
the DLC(N) film deposition was used CH4 and N2 varying the percentage of nitrogen from 10 to 50% 
in the treatment. DLC films improved both the wear and corrosion resistance of 321H stainless steel. 
The results show that the 10, 20 and 30% of N2 supply during the deposition increased the adhesion 
of the film on the substrate, enhancing the wear resistance of the treated material. The addition of 
40 and 50% of N2 during the deposition, however, impaired the corrosion resistance compared with 
the substrate. An improvement of adhesion, wear and corrosion resistance were observed for 30% 
N2 condition. Thus, the incorporation of suitable concentration of nitrogen modifies the features of 
the DLC film, obtaining a good combination of high wear resistance and corrosion protection due 
to a combination of structure, high thickness, and high adhesion of the film to 321H stainless steel.

Keywords: micro-abrasive wear, DLC, corrosion potential, nitrogen.

1. Introduction
AISI 321H austenitic stainless steel was developed with 

the main intention to avoid sensitization by the addition 
of titanium, which stabilizes the metal and inhibits the 
formation of grain boundary chromium carbides1. This kind 
of stainless steel, after stabilization heat treatment, can be 
used in equipment in the petrochemical industry operating 
in the temperature range from 450° C to 800° C2. However, 
titanium nitrides inclusions observed in this material can 
act as a cathode and influence the corrosion behavior of 
the material3.

Carbon is one of the most important alloying elements 
in steels, and it is found in several allotropic variants, such 
as diamond and graphite, for example, showing a wide 
range of properties4. DLC films (diamond like-carbon 
films) have caught the attention in the literature due to 
their unique properties, such as excellent wear resistance, 
biocompatibility, chemical inertia, characteristics as a solid 

lubricant, and proper corrosion resistance5-8. These properties 
are influenced by the combination of the sp2 and sp3 C-C 
bond, whose sp3 hybridization is characteristic of the diamond 
providing the mechanical properties of the film, while the 
sp2 hybridization is found in graphite, providing the lubricant 
features of the film5,9. Hence, DLC films deposited on 321H 
stainless steels are expected to improve surface properties, 
such as high hardness, high wear resistance, and low friction 
coefficient to this material5-8. It is possible, however, that 
the inherent defects of this film could impair the corrosion 
resistance of the treated material10,11.

Several works report the effect of the DLC doping on their 
property modification using different elements12-18, such as 
nitrogen that added to DLC films can considerably improve 
its adhesion to metallic substrates19, with a great influence on 
the effectiveness of corrosion protection and wear resistance 
of the treated material20,21. Almeida et  al.21 observed that 
the introduction of intermediate amounts of N2 (30%) on 
the DLC film by PECVD reduces the fraction of sp3 bonds *e-mail: solano.larissa@gmail.com
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keeping the mechanical characteristics of the DLC film, 
and improving the wear and adhesion of the film to the 
metallic substrate. Sharifahmadian et al.12 have observed that 
nitrogen-doped DLC films impair the corrosion resistance 
of the material, however, only one treatment parameter 
was investigated12. Studying the corrosion behavior of the 
ta-C:N thin film doped with nitrogen deposited on p-Si(111) 
substrate, Khun et al.22 determined that the polarization results 
showed that the corrosion resistance of the films dropped 
with increased nitrogen flow rate due to formation of more 
sp2 bonds22, whose result was opposite to that obtained by 
Han et al.23.

The effect of adding nitrogen concerning the corrosion 
resistance of DLC films deposited on stainless steel is still 
lacking12. The objective of this work is to investigate the 
effect of nitrogen incorporation on the adhesion, corrosion, 
and wear resistance of the DLC films deposited on 321H 
stainless steels.

2. Materials and Methods

2.1. Deposition of the films
The stainless steel 321H substrate was subjected to surface 

preparation processes, such as cutting, sanding, polishing, 
and cleaning with ultrasound water with soap and alcohol 
to remove any residue from the preparation.

The deposition of the DLC and DLC(N) films was 
carried out by plasma-enhanced chemical vapor deposition 
(PECVD), with a system already described by Cruz et al.24, 
at the Laboratory of Surface Technology and Engineering 
(LabTES) of the Technological College of Sorocaba 
(FATEC-SO).

The deposition of the DLC and DLC(N) films was carried 
out in three stages, starting with a superficial cleaning by 
plasma ablation process using 80% Ar and 20% H2 at a 
working pressure of 2.00 torr for 30 min, parameters that 
provide efficient cleaning of the metallic surface21. Thereafter, 
the deposition of a silicon-based layer was carried out, using 
hexamethyldisiloxane (HMDSO) as a precursor, with 70% 
HMDSO and 30% Ar at a total gas pressure of 0.06 torr for 
15 min. Then, the deposition of the DLC or DLC(N) films 
was carried out with the parameters based on the study carried 
out by Almeida et al.19. The substitution of argon for nitrogen 
in the gas mixture for the DLC(N) films followed the studies 
carried out by Franceschini and Freire25 and Franceschini, 
Freire and Silva16. The parameters are described in Table 1.

2.2. Characterization
Samples without and with DLC and DLC(N) films were 

characterized by micro-abrasive wear test, scanning electron 
microscopy (SEM) analysis, Raman spectroscopy, adhesion 
test, and the electrochemical techniques of potentiodynamic 
polarization and electrochemical impedance spectroscopy.

The wear behavior of the treated and untreated samples was 
determined by a micro-abrasive wear test by fixed ball26,27 using 
a steel sphere (AISI 52100) with radius (r) of 12.7 mm under 
dry condition (no abrasive and lubrication) and conducted at 
room temperature. A normal load of 8 N, rotation of 40 Hz 
during 600 s were used on all tests, which were performed 
in duplicate to ensure reproducibility. The wear volume (V) 
was defined by Equation 1, as described by Rutherford and 
Hutchings28. After the test, the wear surface was analyzed 
by optical microscopy (OM) using a Leica model DMi8 C.
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where “b” denotes the diameter of the wear crater and “r” 
the radius of the standard ball used in the test.

The corroded region and microstructural analysis of the 
produced films was carried out by scanning electron microscopy 
(SEM) using a Hitachi TM 3000 equipment with a voltage of 
15 kV and back-scattered electron (BSE) detector. The semi-
quantitative chemical composition of the DLC and DLC(N) 
film was determined using energy dispersive spectroscopy 
(EDS). The fraction analysis of the film defects was carried 
out by SEM with magnification of 500x using the software 
ImageJ®, considering the color difference between the areas 
with defects (white) and DLC film (black).

Raman spectroscopy is a technique widely used to 
characterize DLC coatings and other carbon-based mate 
rials23,29. This analysis allows evaluating chemical structure 
of the films, identify D and G band peak positions, determine 
ID/ IG ratio, and the width of half of band G (FWHM(G)) a 
useful tool to correlate mechanical, adhesion, tribological, 
and corrosion behavior with the DLC coatings deposition 
conditions23,30,31. Therefore, to characterize the DLC and 
DLC(N) coatings deposited by PECVD, a Renishaw – in Via 
Raman Microscope was used, with an argon laser with 5 μm 
of diameter spot, the wavelength of 514 nm and power of 
5%. Equation 2 was used to estimate the hydrogen content 
in the DLC film32.

Table 1. Parameters of the DLC and DLC(N) films deposition.

Treatments
DLC and DLC(N) films

Gases Percentage (%) Total flow (sccm) Voltage (V) Time (h) Temperature (°C)

DLC 90 CH4 + 10 Ar

40 500 2 ± 200

DLC(N) 10% N2 90 CH4 + 10 N2

DLC(N) 20% N2 80 CH4 + 20 N2

DLC(N) 30% N2 70 CH4 + 30 N2

DLC(N) 40% N2 60 CH4 + 40 N2

DLC(N) 50% N2 50 CH4 + 50 N2
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where I(G) is the intensity of G band and m is the inclination 
of spectra between 1000 and 1800 cm-1.

Rockwell-C adhesion tests were performed to investigate 
the adhesion features of DLC and DLC(N) coatings on the 
metal surface33,34. To assess layer damage on the boundary 
of indentation produced on the coating surface, SEM Hitachi 
TM 3000 equipment was used to analyze the surface. ImageJ® 
software was used to calculate the delaminated region 
compared to the non-delaminated region, as detailed in33.

Electrochemical tests were carried out in the treated 
and untreated material using a Potentiostat/Galvanostat/
ZRA Gamry Instruments Model Reference 600+ at room 
temperature (25 ◦C) in 0.6 mol/L NaCl solution. All tests were 
carried out with a three-electrode cell, using the uncoated 
(AISI 321), DLC, and DLC(N) coated samples as working 
electrodes (exposed area of 0.85 cm2). A platinum wire and 
Ag/AgCl were used as counter and reference electrodes, 
respectively. The potentiodynamic polarization curves 
were obtained after 30 min of open circuit potential (OCP) 
stabilization, and the tests were performed from -0.25 V vs 
OCP to 1x10-4 A.cm−2 at a scan rate of 1 mV/s in the anodic 
direction. Electrochemical impedance spectroscopy (EIS) 
measurements were carried out after 3600 s stabilization 
of the open circuit potential (OCP) applying an alternate 
current (ac) signal of 15 mV (rms) in a frequency range 
from 105 Hz to 10-2 Hz with an acquisition rate of seven 
points per decade.

3. Results and Discussion

3.1. Morphological and mechanical 
characterization

The analysis of the Raman spectrum of the DLC film 
(Figure  1a) shows the D band around 1350 cm-1, which 
is related to the defects of the sp2 carbon network, and 
the G band around 1540 cm-1, related to the expansion of 
the sp2 carbon atom sites35. According to Equation 2, the 
estimated atomic fraction of hydrogen in the film is 34.9%. 

The result evidences the formation of the hard hydrogenated 
amorphous carbon a-C:H film on the 321H stainless steel 
substrate, as classified by Robertson9.

In Figure 1a, it is also possible to notice a shift in the position 
and intensity of the D and G bands due to the incorporation 
of nitrogen into the a-C:H film19. Figure 1b shows the ID/IG 
ratios for all films obtained from 0 to 50% N2. The increase 
in the N2 percentage added to the treatment increased the 
ID/IG ratio due to enhanced nitrogen incorporation on the 
film, indicating an increase in the graphitic network (sp2), 
once the doping of the DLC films with nitrogen favors the 
bonding of nitrogen atoms with carbon atoms, generating 
C-C sp2 bonds36. Several works attributed an improvement 
of anti-corrosion resistance and impedance for DLC coatings 
by the highest amount of C-C sp3 bonds, which is directly 
related to a decrease of ID/IG ratio, presenting a diamond-like 
behavior. On the other hand, to improve surface adhesion, 
wear resistance and decrease friction coefficient, graphite-like 
behavior depends on the presence of C-C sp2 bonds. Hence, 
it is possible to combine the properties and features of the 
produced DLC films by controlling the deposition parameters 
or by adding chemical elements, allowing changes in the sp2/
sp3 ratio, opening a variety of possibilities and applications 
from DLC coatings23,31.

Figure 1c allows to observe the width at half-height 
of the G band (FWHM(G)) for DLC and DLC(N) films. 
The structural disorder of the DLC film can be determined by 
the FWHM(G), which occurs by the distortion of the angle 
and the length of the film bonds. The FWHM(G) parameter 
increases with increasing structural disorder9,32. Thus, we 
can observe that the addition of 10% of N2 in the treatment 
generates an increase in the structural disorder, which is related 
to the increase in the C-C sp3 bond proportion. However, with 
the continuous increase of the N2 amount in the treatment, a 
decrease in FWHM(G) is observed, indicating a decrease in the 
disorder of the film, as well as of the C-C sp3 bond proportion, 
corroborating with the ID/IG ratio analysis, which influences 
on decreasing mechanical properties of the film32 and could 
be an indicative for improvement of corrosion resistance.

In Figure 2a-f) are presented the micrographs of the 
cross sections of the samples with DLC and DLC(N) films 
with 0, 10, 20, 30, 40 and 50% N2, respectively. The EDS 

Figure 1. (a) Raman spectra of DLC and DLC(N) films (b) ID/IG ratio of the DLC and DLC(N) films, and (c) FWHM(G) analysis of the 
DLC and DLC(N) film from 0 to 50% N2.
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analysis presented in Figure 2g-h prove the film formation, 
with the high intensity of carbon for the DLC film and the 
presence of carbon and nitrogen for the DLC(N) films. It is 
observed that the obtained films are homogeneous.

According to Figure 3a, DLC film presents a thicker 
layer compared to nitrogenated films, showing that the 
increased nitrogen supply during deposition influences the 
thickness of the coatings. Comparing the behavior of the 
nitrogenated films, DLC(N) 30% N2 condition presents a 
thicker layer, and DLC(N) 50% N2 presents a thinner layer. 
Besides, deposition conditions with up to 30% N2 indicate an 
increased relationship of thickness with the nitrogen supply, 
with a linear increase in the thickness with the increase in the 
nitrogen supply from 10 to 20% of N2, and the tendency of 
stability between 20 and 30% of N2. However, this growing 
behavior does not occur for N2 concentrations higher than 
30%, leading to decreased thickness.

This behavior is explained by two factors. The increase 
of the nitrogen supply in the treatment decreases the number 
of carbon atoms in the deposition process, leading to thinner 
layer formation. Also, the high ionization potential of 
methane (CH4) can induce the decreased deposition rate of 
the film9. Comparing the gases proportions (CH4 and N2) for 

the different treatment conditions presented in Table 1, these 
combined factors tend to influence on decrease thickness 
from 30% N2, whose specific condition exhibit a balance on 
gases concentration from this point, increasing the amount 
of nitrogen atoms and hindering the film growth. Also, 
as discussed by Almeida et al.19, the increase in nitrogen 
supply during deposition causes an increase in the nitrogen 
incorporation in the film.

The defects percentage in the DLC and DLC(N) films did 
not show a great difference between them, with the maximum 
value obtained for 50% of N2 supply in the treatment of 1.5%, 
followed by 1.28% for 20% of N2 and the minimum value 
was observed for the film produced with 10% of N2, with 
0.2% of defects. Furthermore, analyzing Figure 3b and c, we 
can observe a correlation with the defects percentage and 
delamination percentage of the DLC and DLC(N) films up 
to 30% of N2, without correlation with the thickness of the 
films. The presence of nitrogen in the treatment did not show 
a pronounced relationship with the defects formed in the film.

It is observed that all DLC and DLC(N) films showed 
acceptable failures, with the classifications HF1, HF2 and 
HF3 in the evaluation of the adhesion of the film to the 
metallic substrate33, as can be seen in Table 2. As already 

Figure 2. Cross-sectional micrograph of films (a) DLC, (b) DLC(N) 10% N2, (c) DLC(N) 20% N2, (d) DLC(N) 30% N2, (e) DLC(N) 40% 
N2, (f) DLC(N) 50% N2 (g) EDS by SEM of the DLC film and (h) EDS by SEM of the DLC(N) 10% N2.
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reported in other studies19,37, the incorporation of nitrogen 
favors the adhesion of DLC films, as nitrogen reduces 
the residual stresses of the film. However, the data in 
Figure 3 shows that the incorporation of nitrogen improves 
the adhesion of the DLC film until the percentage of 30% 
N2, which presented the lowest percentage of delamination 
compared to the other films. Also, it could not be observed 
a relationship between the thicknesses of the layers and the 
adhesion properties of the formed films.

It is already known that adhesion to the substrate has a 
direct influence on the wear resistance of DLC films11,19,21. 
Figure 4 shows the wear volume of DLC and DLC(N) films 
from 0 to 50% N2. It is observed that all deposited films 
showed higher wear resistance than the 321H stainless steel 
substrate without film, explained by the low friction coefficient 
and high hardness attributed to these films19. However, the 
film with 30% N2 had the lowest wear volume compared 
to all films. This result corroborates with that observed by 
Almeida et al.19, ascribed to the higher proportion of C–C 
sp3 bonds, lower proportion of C–N sp3 bonds obtained in the 
DLC film with 30% N2, resulting in better adhesion behavior 
and thicker layer formation. The worst wear resistance was 
observed for the DLC(N) 40% N2 and DLC(N) 50% N2, 
whose presented thinner film formation associated with 
larger delaminated area.

Figure 5 shows the craters produced in the wear tests. 
The predominant wear mechanism was rolling, that occurs 
when the abrasive particles or the particles formed during 
the test stay free to roll between the surfaces in contact38. 
This three-body process is dominant at low loads and/or high 
slurry concentration, at which the particles produce high 
deformation and indentation without preferential direction39.

3.2. Electrochemical tests

3.2.1. Potentiodynamic polarization experiments
Figure 6 shows the potentiodynamic polarization curves 

for the AISI 321H steel without and with film deposition. 
The uncoated sample and most of the coated samples 
presented a quasi-stationary current density value with 
increasing potential at the anodic branch characterizing 
a passive behavior. This was not verified for the samples 
DLC(N) 40% N2 and DLC(N) 50% N2, which exhibit an 

active anodic behavior, pointing to increased susceptibility 
to localized corrosion compared to the base material and to 
the other coated samples.

In Table 3 are summarized the electrochemical parameters 
obtained from the polarization curves displayed in Figure 6. 
The DLC presented the highest E𝑐𝑜𝑟𝑟 11.50 (mV vs Ag/AgCl) 
compared to the other samples. DLC(N) 10% N2, DLC(N) 
20% N2 and DLC(N) 30% N2 showed very similar Ecorr: 
-11.0, -11.6 and -17.5 mV vs. Ag/AgCl, respectively, which, 
nevertheless, were still slightly nobler than the uncoated AISI 
321H: -37.60 mV vs Ag/AgCl. On the other hand, the DLC(N) 
40% N2 and DLC(N) 50% N2 samples, besides showing active 
behavior, presented the lowest Ecorr: -90.8 (mV vs Ag/AgCl) 
and -262.5 (mV vs Ag/AgCl), respectively. Interestingly, 
all the coated samples exhibiting passive behavior showed 
Ecorr higher than the uncoated AISI 321H, indicating that the 
undefective coatings lead to an ennoblement of the substrate.

Table 3 also displays the values of corrosion current 
density (icorr) for all the samples. For those exhibiting passive 
behavior icorr was determined by extrapolating the passive 
current density to the corrosion potential, whereas extrapolation 
of the anodic branch was adopted as the methodology for the 
samples exhibiting active response. As the passive current 
density slightly increases with potential, the passive current 
densities (ipass) were not determined; however, for each sample, 
it can be assumed that it is similar to its respective icorr. For the 

Figure 3. Results analysis of the DLC and DLC(N) films (a) thickness, (b) defects, and (c) delamination fraction.

Figure 4. Wear volume of the studied material with and without 
treatment.
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samples exhibiting passive behavior (DLC, DLC(N) 10% 
N2, DLC(N) 20% N2 and DLC(N) 30% N2), a significant 
drop of icorr was verified when compared to the uncoated 
sample, indicating an important enhancement in the corrosion 
resistance. However, even the samples exhibiting active 
response (DLC(N) 40% N2 and DLC(N) 50% N2) showed 
icorr smaller than the uncoated AISI 321H. Considering the 
data displayed in this Table the following corrosion resistance 
ranking can be proposed at the corrosion potential: DLC(N) 

30% N2 > DLC > DLC(N) 10% N2 > DLC(N) 20% N2 > 
DLC(N) 40% N2 ≅ DLC(N) 50% N2 > AISI 321H.

Analyzing the responses of the samples presenting 
passive behavior, in accordance with its lower icorr, DLC(N) 
30% N2 presented the smallest passive current density, 
followed by DLC, DLC(N) 10% N2 and DLC(N) 20% N2; 
moreover, all of them showed a decrease of about two orders 
of magnitude or more in the passive current density when 
compared to the uncoated sample, indicating that these coatings 

Table 2. Analysis of the a-C:H and a-C:H(N) films adhesion deposited on the substrate, obtained by VDI 3198 indentation test.

Samples Indentation Image by ImageJ Classification Delaminated Area (%)

DLC HF2 10.51

DLC(N) 10% N2 HF1 5.92

DLC(N) 20% N2 HF2 6.89

DLC(N) 30% N2 HF1 4.49

DLC(N) 40% N2 HF3 11.69

DLC(N) 50% N2 HF1 8.25
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improve the resistance of the passive layer. Concerning the 
pitting corrosion resistance, the best response was obtained 
for the DLC sample, which exhibited the highest pitting 
potential (+486 mV vs. Ag/AgCl), whereas the N-treated 
samples showed similar Epit (306.4 mV vs. Ag/AgCl) for 
the DLC(N) 10% N2 sample, 303.3 mV vs. Ag/AgCl for 
the DLC(N) 20% N2 sample and 294.7 mV vs. Ag/AgCl 
for the DLC(N) 30% N2, which, nevertheless, were about 
100 mV more positive that that associated to the uncoated 
AISI 321H. This indicates that, even though improving the 
response in relation to the uncoated sample, the presence of 
N in the DLC films diminishes the resistance to stable pits 
nucleation and growth.

As discussed before, the DLC and DLC(N) films 
presented defects produced due to the precipitates present in 
the substrate or gases blow hole causing the lack of film11,19. 
These defects can influence the corrosion behavior of the 
material, but the results did not show a correlation with the 

Table 3. Electrochemical parameters extracted from the potentiodynamic polarization curves (Figure 6) and impedance modulus (|Z| Ω.cm2) 
at 10 mHz for the samples without and with DLC and DLC(N) films.

Condition Ecorr mV vs Ag/AgCl icorr A.cm-2 Epit mV vs Ag/AgCl |Z| at 10 mHz Ω.cm2

AISI 321 H -37.6 4.71 x 10-8 213.0 1.29 x 105

DLC 11.5 9.67 x 10-11 486.0 1.82 x 107

DLC(N) 10% -11.0 3.35 x 10-10 306.4 1.16 x 107

DLC(N) 20% -11.64 2.08 x 10-9 303.3 1.63 x 107

DLC(N) 30% -17.5 2.33 x 10-11 294.7 2.41 x 107

DLC(N) 40% -90.8 7.39 x 10-9 - 9.88 x 105

DLC(N) 50% -262.5 8.18 x 10-9 - 3.91 x 105

Figure 5. Images of the hubcaps obtained in the wear test (a) DLC, (b) DLC(N) 10% N2, (c) DLC(N) 30% N2, and (d) DLC(N) 50% N2.

Figure 6. Potentiodynamic polarization curves of the studied material 
without and with the DLC and DLC(N) coatings.
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percentage of defects of the films with the corrosion behavior 
of the studied material, once the film that presented lower 
percentage of defects (DLC(N) 10% N2) did not presented 
the best corrosion behavior, and the film that presented 
the best corrosion behavior (DLC(N) 30% N2) presented 
an intermediated percentage of defects compared to the 
studied films.

The analysis of representative corrosion region is showed 
in Figure 7. It can be observed that the predominant mechanism 
of corrosion is by the pitting formation (Figure 7a), that 
induces the dissolution of metal substrate that can promote 
the unleash of the film from the surface (Figure  7b), as 
discussed by Campos  et  al.11. Also, the TiN precipitates 
with rectangular shape, as detached in Figure 7c, presented 
in this kind of metal can support the corrosion process40.

3.2.2. EIS behavior
Figure 8 shows the EIS results for the uncoated AISI 

321H, DLC and DLC(N) coated samples. In Figure 8a is 
possible to verify that all the coated samples presented 
higher impedance modulus values than the uncoated AISI 
321H substrate. This outcome is well in agreement with 
the results of the polarization curves showing that, at the 
corrosion potential, condition at which the EIS experiments 
were performed, all the treated samples presented lower 
icorr than the uncoated sample. In the phase angle diagrams 
(Figure 8b), the presence of the different coatings can be 
ascertained by the capacitive response in the high frequency 
domain, absent for the uncoated sample. However, this 
high frequency response was complex and variable for the 
different samples; therefore, proposing a physical model to 
interpret these results seems premature and out of the scope 
of the present investigation. Taking the low frequency (LF) 
impedance modulus at 10 mHz as a gauge to evaluate the 
corrosion resistance of the different samples at the corrosion 
potential (last column in Table 3), it can be verified that, apart 
from a change of position between samples DLC(N) 10% 
N2 and DLC(N) 20% N2, it follows quite the same sequence 
as determined from the polarization curves, showing a good 

agreement between the two electrochemical techniques. 
However, it must be emphasized that the development of 
localized corrosion in DLC(N) 40% N2 and DLC(N) 50% 
N2 must take place, showing that these two treatments are 
not adequate concerning corrosion protection, as active sites 
must be presented even at the corrosion potential.

The corrosion resistance of the coated samples presented 
in the last paragraphs correlates quite well with the physical 
properties reported in this investigation. It is shown that the 
lower the delamination (Figure 3) and the higher the wear 
resistance (insert of Figure 4) the better the corrosion resistance 
of the DLC(N) sample, which can be intrinsically correlated 
with the adhesion of the coatings to the substrate, enhanced 
by the introduction of N in the coating composition19,37. On the 
other hand, the correlation between the DLC(N) coatings 
thicknesses and their corrosion resistance seems to be a little 
bit more intricated. Initially, it can be considered that increasing 
the amount of N in the treatment chamber lower the pitting 
corrosion resistance, as demonstrated by the good correlation 
between the pitting potential of the coated samples and the 
amount of N. Therefore, even the DLC(N) 30% N2 sample, 
which showed the highest impedance modulus at the corrosion 
potential, the lowest icorr and the lowest ipas, presented a lower 
pitting potential when compared to the DLC, the DLC(N) 10% 
N2 and DLC(N) 20% N2 samples, even though, as previously 
stressed, still exhibiting better resistance to localized corrosion 
than the uncoated substrate. On the other hand, considering 
the behavior at the corrosion potential, it can be hypothesized 
that while the N2 supply does not induce a lowering in the 
C deposition rate, hindering the film growth process, which 
seems to occur for N2 amounts lower than 30%, there is an 
increase in the overall corrosion resistance of the sample with 
no significant variation of the coating thickness. However, when 
more than 40% of N2 is introduced in the gas composition, the 
coating thickness decreases leading to a dramatic decrease in 
its corrosion resistance.

Further, considering the correlation between chemical bonds 
and structural disorder revealed by the Raman experiments and 
the corrosion resistance of the DLC(N) coatings, the results 

Figure 7. Images of the pit obtained in the corrosion test (a) DLC(N) 10% N2, (b) DLC(N) 40% N2, and (c) DLC(N) 50% N2.
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displayed in Figure 1b and c together with the outcomes of 
the corrosion tests indicate that there is a saturation limit for 
the benefic role of N in this property. From these results it 
is inferred that increasing the graphitic network (higher ID/
IG - Figure 1b and decreasing the structural disorder (lower 
FWHM- Figure 1c gradually improves the corrosion resistance 
of the DLC(N) coatings, resulting in higher impedance and lower 
icorr and ipas; however, at the expenses of localized corrosion 
resistance, as demonstrated by the lower pitting potential 
with increasing N content. After the saturation limit of both 
properties, which seems to be achieved for the DLC(N) 30% 
N2 sample, further introduction of N dramatically decreases the 
localized and the overall corrosion resistance of the samples, 
which is likely associated with the decrease in the thickness 
of the protective coating.

Therefore, regarding the corrosion behavior of the DLC(N) 
coatings, our results indicate that an increase in corrosion 
resistance can be achieved under optimal conditions, in which 
increasing N2 content causes a decrease in the percentage 
of C-N sp3 bonds19; without, however, the growth of the 
coating being hampered. As suggested in Figure  1, the 
DLC(N) 30% N2 presents a lower percentage of sp3 C-N 
bonds19, and lower structural disorder (Figure 1c), besides 
the thickness of the formed layer (about 1.7 µm) is similar 
to that presented by the DLC coating.

On the other hand, the DLC(N) 40% N2, and DLC(N) 
50% N2 conditions showed the worst performance on 
electrochemical tests, consistent with the high ID/ IG ratio 

(Figure 1) and lower adhesion property of these films to the 
substrate. Considering the results reported by Almeida et al.19, 
these films presented a higher percentage of sp3 C-N bonds, 
corroborating with the suggestion that this kind of structure 
presents an important influence in corrosion, adhesion, and 
wear behavior of the DLC(N) films. Also, the DLC films have 
defects that allow the corrosive solution to reach the surface 
of the base material, initiating localized corrosion11,41. In the 
case of the treated stainless steel, the defect can allow the 
formation of micro-galvanic cells, which can be the driving 
force for the onset of localized corrosion impairing the 
corrosion resistance compared with the untreated material, 
mainly when the defect is produced in a location with the 
presence of inclusion in the substrates11.

4. Conclusions
It is possible to conclude that the DLC films with and 

without nitrogen incorporation increased the wear resistance 
of 321H stainless steel. The addition of nitrogen directly 
influences the properties of DLC films. The nitrogen-free film 
improved the wear and corrosion resistance of 321H steel. 
However, the addition of 30% N2 supply during deposition 
increased the adhesion, wear, and the corrosion behavior at the 
corrosion potential of the DLC film to optimal values, while 
using 40%, and 50% of N2 impairs the corrosion resistance 
compared to the base material and DLC film. This result is 
attributed to a combination of factors such as film structure, 

Figure 8. Bode (a,b) and Nyquist (c) diagrams of the different materials.
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adhesion property, and presence of defective sites in the 
layer, which reach optimal combination of values at the 30% 
N2 concentration. These results are explained by factors such as 
sp3 C-C reduction suggested by ID/IG and FWHM(G) analysis, 
adhesion properties, and thickness of the formed film. With 
the results obtained, it is possible to suggest the use of these 
films in applications where good corrosion and wear resistance 
properties are required, considering that the incorporation of 
30% N2 favored the improvement of both properties.
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