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ABSTRACT

One of the main problems in ships is corrosion, which reduces the lifetime usage of ship parts and increases maintenance costs. Ceramic
coatings can contribute to solving this situation. Zirconium nitrides obtained by reactive unbalanced magnetron sputtering technology are
largely reported as coatings with high corrosion resistance. The present study used high-power impulse magnetron sputtering in a reactive
atmosphere (R-HiPIMS), varying the nitrogen amount. SEM, EDS, XRD, AFM, and contact angle measurements were used to assess the
obtained coatings’ performance. Corrosion resistance was evaluated using electrochemical impedance spectroscopy (EIS) (up to 168 h expo-

sure) and potentiodynamic polarization (PP) in NaCl (3.5% wt.—

“artificial seawater”) solution. According to the results, cross section
micrographs showed strong densification of ZrN films regardless of the nitrogen amount. Besides, nitrogen increases during deposition ¢

influenced the drop of applied peak power (P,) to the target and, consequently, influenced other film properties, such as roughness, wetta-
bility, and corrosion resistance. PP and EIS tests demonstrate the protective behavior of films under artificial seawater exposure. The results
prove that the implementation of HiPIMS technology to obtain ZrN films could contribute to increasing the corrosion resistance of coated
ship metallic parts and, hence, help maritime transportation to reduce maintenance time and cost.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1116/6.0002341

I. INTRODUCTION

The marine ecosystem has been demonstrated to be very aggres-
sive for ship metallic parts, provoking a ship’s immobilization for
maintenance tasks and, consequently, an increase of cost in the oper-
ation and transportation of merchandise. Among the metallic compo-
nents in ships, sea chest gratings are prone to two main problems:
corrosion and biofouling. Biofouling is the accumulation of aquatic
organisms over surfaces exposed to oceans or any other water body.’
Besides biofouling accumulation, the marine environment provokes
corrosion itself, and this phenomenon cost is close to 2.5 trillion USD
in 2016 according to the report of the National Association of
Corrosion Engineers.” Developing surfaces to overcome these prob-
lems is undoubtedly a big priority for the naval industry.

Currently, coatings are the main prospective systems used by
the maritime industry to avoid corrosion. However, some of the
currently used paints are composed of toxic products that interfere
with the marine environment’s stability and biodiversity. Isolation
effect from the environment, hydrophobicity, low roughness, and
other features made paints the perfect candidate for ships.
However, its heavy pollution of the seas and harmful effects on
sealife provoked more substantial control by the International
Maritime Organization. It is well known that paints have poor
mechanical and antidegradation properties;’ thus, they do not offer
that much long-lasting protection against corrosive agents.

In this line, other processes and products have been tried to
take the place of paints in the naval industry, such as nano-
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texturization,” bio-inspired surfaces,” or biocide-release coatings.”
Among the possible solutions to get a multifunctional surface
against biofouling and corrosion, films obtained by physical vapor
deposition (PVD) seem to have the potential to replace paints. By
its nature, PVD films offer processing advantages compared to
other technologies mentioned before, such as fine control over
chemical composition, thickness, microstructure, and
architecture.*™"'

Some authors’ research works studied surfaces with some mul-
tifunctionality by PVD, especially transition metal oxide/nitride-
based coatings obtained by Direct Current Magnetron Sputtering
(dcMS) technology. It is well known that these materials are largely
used in the industry for their hardness,'” wear resistance,'”'* and
high corrosion resistance.''® Lately, high power impulse magne-
tron sputtering (HiPIMS) was employed to improve the overall per-
formance of the obtained films'’ but as a drawback, it presents
lower deposition rates than dcMS. Its potential applications have
been explored by several authors such as Castilho et al,'® who
obtained CrN/Cr; ALN superlattices through a hybrid magnetron
sputtering process (HiPIMS/dcMS), capable of yielding more com-
petitive deposition rates than only pure HiPIMS films. The
obtained films showed potential use for emissions reduction in
combustion engines by improving the piston rings performance in
tribological, anticorrosion, and resistance to plastic deformation
compared to the tested commercial solution (CrN obtained by
cathodic arc deposition). Abegunde et al.'’ compared TiAl(P)N
films obtained by dcMS and HiPIMS. Their results pointed out a
systematic improvement in mechanical properties and corrosion
resistance in the coatings obtained by HiPIMS, compared with
dcMS. Alves et al.”® deposited Ta and Ta;_,Oy coatings by HiPIMS
in deep oscillation magnetron sputtering (DOMS) mode.
According to their results, the addition of oxygen promoted more
dense morphologies and higher corrosion resistance. Also, Sousa
et al”' obtained TiAlISiN coatings over duplex stainless steel alloy
LDX 2101 by dcMS and HiPIMS to evaluate the wear behavior and
cutting performance. The coatings obtained through HiPIMS
exhibited low wear rates and improved mechanical performance,
highlighting the advantage of using HiPIMS for coated cutting
tools. As described, HiPIMS technology has the potential to obtain
multifunctionality coatings, with enhanced properties compared
with dcMS.

The present study intends to explain the impact of nitrogen
content on ZrN film properties, especially in wettability and anti-
corrosive (against saline solution), using HiPIMS technology in the
DOMS mode. For comparison purposes, a ZrN film was obtained
by decMS, employing the same average power and working pressure
used for the DOMS films. This new paradigm could open new pos-
sibilities to understand the mechanism of improvement (or detri-
ment) of ZrN film features when nitrogen increases using DOMS
technology.

Il. EXPERIMENT
A. Deposition parameters

The films were deposited in a high vacuum chamber through
HiPIMS (Cyprium' III plasma generator, Zpulser Inc.) technology
in the DOMS mode using a reactive atmosphere (i.e., R-HiPIMS).

ARTICLE avs.scitation.org/journalljva

A single Zr target (99.9% purity) with a 150 x 150 mm” area was
used. Typical signal waves of oscillating discharge voltage and
current of DOMS processing are shown in Fig. 1. These pulses are
composed of a big package of 27 sequential individual oscillations
[Fig. 1(a)]. The current and the voltage increase progressively
during the on-time (toy) up to reach the maximum values (I, and
V,,, respectively). The peak power (P,) was calculated in every dep-
osition as the product of vV, and I,. Later, these values decrease
successively until they go back to zero during the off-time (togg).
As with any duty cycle, the sum of these two times will be the
pulse period (T =toy + torr). During the depositions, ton (12 us)
and T (36us), as well as the pulse duration (D =1000us) were

0 200 400 600 800 1000
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420 440 460 480 500 520
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100+

50 -

Current (A)

-50

420 440 460 480 500 520
Time (us)

FIG. 1. Typical target current and voltage oscillation waveforms of a DOMS
pulse (D = 1000 us) obtained during the films’ depositions (a) and magnification
of three consecutive pulses in the 100 us range (b) (P =0.4 Pa; frequency—
Fi=132Hz; ton =12 us; T =36 us).
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TABLE 1. Sputtering partial pressures and current and voltage wave details for depositions of the present study.

Pressure (Pa) Sample P, (Pa) P2 (Pa) N,/Ar ratio F; (Hz) Vp" V) Ip" (A) P, (kW)

0.4 DOMS-ZrN-30 0.33 0.07 0.2 131 —1066 126 134
DOMS-ZrN-40 0.29 0.11 0.4 132 —1063 109 116
DOMS-ZrN-80 0.17 0.23 1.4 138 —1054 93 98

*Measured from the respective gas flow.
PExtracted from a ZPulser generator power source controller.

constant. The power supply had an internal d.c. power supply,
which was set up at 300 V (DC;,) in all depositions. All the films
were made using a 1200 W average power (P,), and the working
pressure was kept at 0.4 Pa. This pressure was adjusted as nitrogen
was introduced into the deposition chamber, reducing the argon
flow to compensate. No bias voltage was used in HiPIMS deposi-
tions. For comparison, a ZrN film (labeled as dcMS-ZrN) by reac-
tive direct current magnetron sputtering (dcMS) was deposited
using 1200 W power and employing a —50 V bias voltage according
to the optimized conditions in our previous published works.”**
The used partial pressures were 0.33 Pa for argon and 0.07 for
nitrogen (measured from the respective gas flows). All depositions
were carried out without external heating. Additional parameters
are shown in Table I.

Silicon wafers (100) and stainless steel (316L) specimens
(20 x 20 x 2 mm>) were chosen to be coated. Substrates were
washed in distilled water, acetone, and ethanol ultrasonically for
10 min each. Stainless steel grade 316L (SS316L) was selected to
simulate the material used in sea chest gratings. The substrates
were held in rotating support at 23.5rpm and localized in the
center of the chamber at an 80 mm distance from the target. The
substrate holder possesses four faces with a 30 x 110 mm? area in
each one and, hence, can support 20 specimens in each deposi-
tion. In the first stage, the chamber always attained base pressures
below 107*Pa, being the reactive atmosphere composed of a
N, + Ar mixture, controlled individually. To improve the adhesion
of the nitride films, a pure Zr layer was deposited (~300 nm
thickness) keeping the same parameters in the used power source
(P, T, etc.).

Before each deposition, substrates were cleaned by an etching
process in an argon atmosphere (0.3 Pa) for 60 min with a d.c.
pulsed power source connected to the substrate holder using
—350V with 1616 ns and 120 kHz as pulse reverse time and fre-
quency, respectively.

B. Coatings characterization

Morphology and cross section profiles were studied by scan-
ning electron microscopy (SEM), and the chemical composition
was assessed by energy-dispersive spectroscopy (EDS) at 15KkV.
The film structure was analyzed by glancing incidence x-ray diffrac-
tion in the PANalytical X-pert PRO MPD equipment, which was
set up in © =3°. CuKo (A =1.5406 nm) radiation was operated at
45kV and 40 mA with 0.02° step size in coated Si substrates. To fit
the spectra, the Pseudo-Voigt function was used to calculate the
crystallite size using the Scherrer formula in the preferential growth

peaks. The residual stresses were established by employing the
methodology suggested by Shiri et al.”* and by applying Stoney’s
equation.”

The surface roughness of the films was assessed by atomic
force microscopy (Bruker Innova) at room temperature with a Si
cantilever with less than 8 nm tip radius, operated in a tapping
mode. Three measurements were performed to evaluate the average
surface roughness (S,) in all samples according to the ISO 25178
standard and holding a 3 x 3um” area. All obtained images were
post-processed using GWYDDION software.

The wettability measurements were acquired by optical
contact angle measurements (Dataphysics OCA20 equipment). For
calculations,  ultrapure  water  (99,99%), glycerol, and
o-bromonaphthalene were used to obtain surface-free energies
according to the Owens-Wendt-Rabel-Kaeble (OWRK)
method.”°*® Besides, artificial seawater (or brine—3.5% w/w NaCl
solution) was used to assess film interaction to a simulated work
condition. The surface tension of used liquids was extracted from
reference values in other studies.””” The drop volume was kept
below 10ul to prevent any possible interferences in the contact
angle measurements by the drop weight.

Corrosion behavior was carried out by two different tests: :
potentiodynamic polarization (PP) and electrochemical imped- ¢

ance spectroscopy (EIS). In all these tests, a NaCl (3.5 wt. %)
solution was used to simulate the exposure of the film to the
seawater for the period of 168 h in a static state (EIS measure-
ments), naturally ventilated, and always assuring the electrical
contact electrolyte/samples. All measurements were performed in
a potentiostat (Gamry 600) connected to an electrochemical cell
at room temperature (20°C). A three-electrode configuration
was used with the studied sample as the working electrode
(exposed area=0.28 cm®), a platinum sheet as the counter elec-
trode, and a saturated calomel electrode (SCE) as the reference
electrode. The potentials were measured against and referred to
the standard potential of the SCE and labeled as E.f in the
obtained results (0.245V vs the standard hydrogen electrode).
The PP measurements were performed between —500 and
500 mV vs E.r with a 1 mV/s scan rate. EIS was performed by
acquiring 10 points by decade and applying 10mV rms,
between 100 kHz and 0.01 Hz. In all corrosion tests, the samples
were always exposed at 3600s to establish a steady state open
circuit potential (OCP) before every measurement (<0.01 mV/s
variation). At least three electrochemical tests were performed
for each coating condition. The ASTM G102-89 standard was
applied to fit the data from Tafel slopes and to calculate the cor-

. 30
rosion rates.
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TABLE II. Chemical composition, thickness, and deposition rates of the coatings.
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Sample Zr (at. %) N (at. %) O (at. %) Zr/(N + O) ratio Thickness (nm) Dep. rate (um/h)
dcMS-ZrN 49+2 47 +2 4+0 0.96 798 £7 1.1
DOMS-ZrN-30 47 +3 51+2 2+0 0.88 1033 £5 0.8
DOMS-ZrN-40 47+3 50+2 3+0 0.88 10396 0.7
DOMS-ZrN-80 43+3 54+3 3+0 0.75 8835 0.3

Ill. RESULTS AND DISCUSSION
A. Chemical and surface characterization

The thickness, deposition rate, and chemical composition of
the obtained films are presented in Table II. The deposition rate by
DOMS decreased in comparison with the dcMS film. When the
N,/Ar ratio was constant (0.2 for DOMS-ZrN-30 and dcMS-ZrN),
the deposition rate decreased by ~27% in the DOMS film (see
Table II). Oliveira et al.”' reported that the deposition rate in TiN
films decreased when they were deposited by DOMS around 50%
in comparison with their counterpart deposited by dcMS at the
same nitrogen fraction (fy, =N, flow/Ar + N, flows). The authors
ascribed this decrease to several effects during the HiPIMS process
such as the yield effect (linked to higher deposition voltages) and
the return effect (related to metallic ionized species which return to
the target), which could be present during the film processing of
this study. On the other hand, as the N,/Ar ratio increases in the
DOMS films, the deposition rate decreases consistently. The target
is poisoned by nitrogen, but this effect will be discussed next.

All the zirconium nitride films deposited by HiPIMS are close
to the stoichiometric composition except for the sample deposited
with the highest nitrogen flow that becomes over-stoichiometric,
being well correlated with a significant decrease in the deposition
rate (see Table II). The higher grade of over-stoichiometric compo-
sition in the DOMS films could be associated with the bombard-
ment of the film by the N ions, present in the HiPIMS ionized
plasma.’’ In HiPIMS, current discharges are influenced by the self-
sputtering and gas recycling processes.”” The first one occurs when
the target ions impinge over the target itself and the second one
occurs when the gas present in the process is ionized and re-used
to sputter material. Table I shows the reduction of current (i.e., I))
as the nitrogen flow increased in the deposition. This is provoked
by the introduction of new particles into the deposition (i.e., nitro-
gen) and respective influence roles in the discharge. Target poison-
ing increases gas recycling but reduces the self-sputtering
phenomenon, reducing the deposition rate and the incorporation
of Zr on the films. With the target poisoned, the formation of com-
pounds (nitrides) on the target surface is quite possible because an
ionized plasma is present. According to Anders,”” the HiPIMS
process in a reactive atmosphere shows a decrease in sputtering
yields (i.e., in sputtering rates) due to the bond strength of com-
pounds which is higher, if this is compared to the bond strength of
metals. That means the energy needed to sputter material toward
the substrate must be higher which traduces in a reduction of the
sputtering efficiency.

The coatings’ surface morphology and cross section micro-
structure are shown in Fig. 2. The dcMS film [Fig. 2(a)] exhibits a

typical columnar growth profile, exhibiting columns extending
along the film thickness and corresponding to zone 1 of the
Thornton diagram.33 On the other hand, the HiPIMS films show
different growth profiles also dependent on the nitrogen amount in
the deposition. DOMS-ZrN-30 [Fig. 2(c)] displays dense packed
fibrous grains that shift to a dense and featureless growth profile
for the highest nitrogen flow [DOMS-ZrN-80 sample in Fig. 2(g)].
According to Anders diagram,”* the DOMS films are localized in
zone T, which is localized in an intermediate range of normalized
energy flux (E*) and, hence, is related to the heating and displace-
ment caused by the kinetic energy of the bombarding particles and
generalized temperature (T*), correlated with the temperature of
the particles plus the temperature shift provoked by the potential
energy of particles arriving the surface.”* Regarding the top views,
the deMS film [Fig. 2(b)] shows voided boundaries as zone 1 in the
Thornton diagram describes.”” On the other hand, the DOMS
films shift from like cauliflower surfaces [Fig. 2(d)] to a finest
grainy appearance as nitrogen increases [Fig. 2(h)], in agreement
with zone T of Anders diagram.™

B. Structural characterization

Figure 3 displays x-ray diffractograms of the films. The diffrac- :
tograms exhibit the evolution of the crystallographic structure of ¢

the coatings, which are coherent mainly with two patterns:
Rock-salt type fcc-ZrN (ICDD card no. 035-0753) and
orthorhombic-Zr;N, (ICDD card no. 087-0843). The effect of
nitrogen increase in sputtered ZrNy coatings structure was studied
by Lamni et al.”” and their results pointed out that when the film is
over stoichiometric (x> 1.0), Zr;N, phase (labeled as * in Fig. 3)
presence affects the film structure and, consequently, provokes the
fcc-ZrN plane peaks to broaden. Besides, low amounts of oxygen in
ZrN films also provoke the appearance of the Zr;N, phase as dis-
cussed by several authors,””® as also stated in the dcMS deposited
film. At 63.33°, the detected peak coincides with several Zr;N,
reflections. Table II demonstrates that the atomic percentage of
non-metallic elements was always higher than Zr [Zr/(N+O)
ratio < 1] which can influence the film structures by these elements.
Besides, the evident broadening of peaks in the dcMS and DOMS
films could result in a mixed mechanism in the mentioned phe-
nomena. According to some authors, the Zr;N, phase is formed by
the occupancy of N atoms in interstitial positions, and it is consid-
ered a nitride structure doped poorly by oxygen.”*”>*°

On the other hand, the films showed typical ZrN peaks pre-
sented at 33.89°, 39.32° (exclusively in the dcMS film), and 56.45°
corresponding to the (111), (200), and (220) planes, respectively.
Figure 3 shows that the dcMS and DOMS films with low nitrogen
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FIG. 2. Cross section (left) and top view (right) SEM images of the films obtained at 0.4 Pa working pressure: dcMS-ZrN [(a) and (b)], DOMS-ZrN-30 [(c) and (d)],

DOMS-ZrN-40 [(e) and ()], and DOMS-ZrN-80 [(g) and (h)].

content exhibited the (111) plane as the preferential one, as
described by several authors.”” Only DOMS-ZrN-80 exhibited a
different preferential orientation, the (220) plane. The crystallite
size reduction in the (111) plane evidences this phenomenon. This
varied from 7 nm at dcMS-ZrN to 4 nm at DOMS-ZrN-40. Besides,
the DOMS-ZrN-80 film showed a 38 nm crystallite size when the
preferential orientation changed to the (220) plane. These changes
in texture are related to the difference in the ion/atom ratio during

deposition. As more nitrogen was introduced, less available zirco-
nium was inside the deposition chamber and the texture was modi-
fied as a consequence.”® Moreover, the preferred orientation in
sputtered metallic nitrides depends on the surface energy and the
strain energy.””*’ At small surface energies, the (100) plane is
expected in a NaCl-type structure and implies a low residual stress
condition. On the contrary, the (111) plane is possible at higher
surface energies.”” Also, the orientation change in ZrN films is
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FIG. 3. XRD diffractograms of the films. Values between parentheses represent
the measured compressive residual stress in the method proposed by Shiri
et al. (Ref. 24) and the “a” values represent the lattice parameter calculated
from the preferential growth peak.

related to the carried energy toward the film. Hence, the plane with
the lowest surface energy, the (200) plane, becomes the preferential
growth plane.*' It is possible to suggest that the shift in the prefer-
ential plane showed by DOMS-ZrN-80 is related to the decrease of
P, and, hence, the delivered energy to the film may be enough to
provoke the growth of the (220) plane, which has a lower surface
energy than the (111) plane.

Systematically, the peaks of all films exhibited a deviation for
minor 26 positions, which is explained by the existence of compres-
sive stresses, commonly reported in sputtered coatings. The distor-
tion of the ZrN lattice parameter changed in the range between 4.63
and 4.67 A (lattice parameter of ZrN pattern, a=4.58 A free of
stresses) as shown in other coatings obtained by HiPIMS using
DOMS.* Lattice deformation is directly influenced by compressive
residual stress as exposed in Fig. 3, which is provoked by the men-
tioned phenomenon (interstitial atoms in the ZrN lattice).
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FIG. 4. Surface free energy, average surface roughness (a), and contact angle
measurements (b) of the coatings. The dashed line in (a) designates the limit
between hydrophobic (>90°) and hydrophilic conditions.

C. Roughness, surface energy, and wettability

Surface roughness, liquid contact angles, and surface free energy
(SFE) obtained by the ORWK model are displayed in Fig. 4. All the
samples exhibit low roughness values (<10nm) and are mostly
“liquidphilic” (contact angles < 90°). DOMS-ZrN-30 and DOMS-
ZrN-40 exhibit S, values close to each other (~5nm); on the other
hand, DOMS-ZrN-80 exhibits the lowest roughness value (<2 nm).
Concerning the dcMS film, the roughness values are slightly higher
than DOMS-ZrN-30 and DOMS-ZrN-40 [see Fig. 4(a)].

Regarding the contact angles taken with artificial seawater, the
DOMS films exhibited values close to the limit between philic/
phobic behavior (around 90°). On the other hand, the dcMS film
shows a hydrophilic nature, similar to the Wenzel model.”’ The
film compactness (at least in DOMS films) and the differences in
roughness influence this behavior. Meanwhile, the SFE did not
show significant differences either in their components (polar and
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dispersive) or their total values (see Fig. 4) regardless of the film
processing (dcMS or DOMS) as well as nitrogen content, which
suggests the non-importance of the chemical component of wetta-
bility in these coatings.

To assess the artificial seawater/surface interaction through the
work of adhesion (W,), the postulation of Jin et al** was used,
which is based on Young equations and used extensively in the lit-
erature.”*” This model considers solid and liquid’s polar and dis-
persive components, interacting solely between them. Even though
the liquid has surface tension (ST) and the solid has SFE, this is an
intrinsic issue in the ORWK model."® Following the postulation of
Jin et al,*" it is possible to use the maximum thermodynamic work
of adhesion (W,) based on Dupree’s equation,”” according to the
following expression:

W, =Y+ — Y- (1)

This equation is adapted for a solid/liquid interface and v, is
the SFE of the solid, v, is the ST of the liquid, and v is the interfa-
cial free energy. The last one varies with the liquid in contact with
the surface (as well as its contact angle).

Table III exhibits the calculated parameters using the ORWK
model from the measured contact angles [for y,—values from
Fig. 4(a)], the Young equation (for vyy), and Eq. (1). The artificial
seawater surface tension (y;=73.2 mN/m) used for this calculation
was recently published in our past work.® According to Table III,
the dcMS films show a higher W, than the DOMS films, achieving
up to ~8.5% of W, reduction and demonstrating a systematic “sea-
water rejection” from the DOMS films. DOMS-ZrN-80 displayed
the lowest W, (73 mN/m) in agreement with its highest seawater
CA (90°).

D. Corrosion tests

PP tests were done to analyze the corrosion mechanisms and
potentials of the films when they are exposed to artificial seawater.
Obtained results after these tests are exhibited in Fig. 5 and
Table IV.

The SS316L substrate exhibited the worst corrosion behavior
in comparison to the coated samples and it is the only one which
showed some pitting events at high potentials (between 400 and
500 mV). Assessing the films, DOMS-ZrN-80 exhibits the noblest
behavior, which shows the cathodic/anodic shift at —212mV. On
contrary, dcMS-ZrN displays the most active behavior (shift at
—255mV). Concerning the corrosion current densities (Jeorr)
DOMS films have shown a significant decrease compared to the

TABLE lIl. Artificial seawater contact angle (SCA), surface free energy (ys), interfa-
cial free energy (ys), and work of adhesion (W,) of the films.

Sample SCA (deg) vs (mN/m) vg (mN/m) W, (mN/m)
dcMS-ZrN 85+1 40 34 80
DOMS-ZrN-30 89+2 42 41 74
DOMS-ZrN-40 89+2 43 42 74
DOMS-ZrN-80 90+3 41 41 73

ARTICLE avs.scitation.org/journalljva

dcMS films and the uncoated substrate. This behavior is reflected
in the improvement of corrosion resistance. This is demonstrated
by a reduction in the corrosion rate (calculated using the ASTM
G102-89 standard procedure’®) by almost ~2.6 times in the DOMS
films when compared to its counterpart obtained by dcMS, and
close to ~3.3 times when it is compared to the uncoated substrate
(see Table IV—average corrosion rate value of DOMS films).
Another remarkable fact was that none of the films did surpass the
passivation region, which would be a strong indicator of film
damage or re-activation of anodic processes.

Though SS316L is known as an anticorrosion material that
forms an outermost chromium oxide (Cr,Os;) layer, as the self-
protection mechanism® is mechanically poor, and any external
factor (like suspended particles) creating some erosion or wear
could affect its performance and, hence, compromise the substrate
protection. Besides the lower corrosion rates, the films possess a
thicker ceramic layer, which proves to be an effective protection
layer for SS316L against artificial seawater. This ceramic nature is

J. Vac. Sci. Technol. A 41(2) Mar/Apr 2023; doi: 10.1116/6.0002341
© Author(s) 2023

im 5
d.
100u 4
10p A
14
< 8
= z
100n 4 2
3
I g
10n | é
| N
j——SS316L £
| {——dcMS-ZrN =
1n 5 | DOMS-ZrN-30 o
I (—— DOMS-ZIN-40 @
] === DOMS-ZrN-80 8
100p T T T T T ——— T T T
500 400 300 200 100 O -100 -200 -300 -400 -500 -600
E vs Eref (mV)
________________________________________ ,
b : T4 3 1
L 1
1 1
| 1
| 1
| 1
1 100n 4 1
| 1
| 1
| 1
| 1
e !
:$ 10n 4 !
| - 1
| 1
| 1
| 1
| 1
1 1n 4 1
1 [—ss316L !
| f——dcMS-ZiN !
| | DOMS-ZiN-30| !
\ f——DOMS-ZiN-40| !
| |—— DOMS-ZIN-80) :
: 100p T T T T T T T 11
H 160  -180 200  -220 240  -260  -280  -300i
1
Lommmmim m mimimimomimm m momim DB ERORE
FIG. 5. PP curves of the films immersed in 3.5% w/w NaCl solution (a) and
magnification of the anodic/cathodic change region (b).
41, 023106-7


https://avs.scitation.org/journal/jva

JVST A

ARTICLE avs.scitation.org/journal/jva
Journal of Vacuum Science & Technology A
TABLE IV. Fit parameters of the PP curves obtained from the coatings and the SS316L substrate.
Sample B. (mV/decade) B. (mV/decade) Jeore (nA/cm?) Ecorr (mV) Corrosion rate (x107> mm/year)
SS316L 365+ 113 121+2 979 £ 49 —248 £10 10.2+0.5
dcMS-ZrN 458 + 56 281 +46 1398 +23 —245+4 7.8+0.1
DOMS-ZrN-30 1056 £ 510 210+ 108 525+ 111 —225+8 30+0.4
DOMS-ZrN-40 1890 + 88 256 +21 615+ 14 —214+1 34+0.1
DOMS-ZrN-80 1074 + 68 255 +47 486 +5 —212+3 25%0.0

8
g
3
3
g
N
IN
&

FIG. 6. SEM micrographs of the coatings DOMS-ZrN-80 [(a), (c), and (e)] and dcMS-ZrN [(b), (d), and (f)] after the PP tests. (a) and (b) correspond to the as-deposited

condition.
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different among the films, which had different amounts of nitrogen
according to the EDS quantification (see Table II). As the film was
less metallic (higher amount of N), the corrosion current densities
were lower and, consequently, the corrosion rates were lower too.
The surface roughness did not seem to have an important influence
on the corrosion behavior. This statement is easily verifiable if
Fig. 4 and Table IV are assessed. Coincidentally, the sample
(DOMS-ZrN-80) with the lowest Sa value showed the lowest corro-
sion rate. However, the sample with the highest roughness
(DOMS-ZrN-40) did not show the highest corrosion rate. The
influence of chemical composition and interactions between liquid/
surface is crucial to explain the differences in corrosion behavior,
which will be discussed later.

After the PP tests, the coated sample’s surface did not exhibit
catastrophic corrosion or failure events as large film detachments.
Nevertheless, the surface shows some signs of chemical attack, as
exhibited in Fig. 6. In general terms, the films exhibited NaCl crys-
tals in several areas and some “cracks,” as shown in Fig. 6. It is
probable that these “cracks” originated from film defects, which
acted as an initial point of local corrosion action, and according to
Cubillos et al.,*” these could be a posterior stage of pitting corro-
sion. However, these “cracks” zones are not representative of all the
tested areas and probably this is the reason that the PP curves did
not display any pitting characteristic event. As evidenced by
Figs. 6(a). and 6(b), the films in the as-deposited condition did not
show any apparent surface defect, but it is impossible completely to
discard their presence.

Bode plots obtained after EIS tests at OCP from 0 until 168 h
of exposure to artificial seawater are exhibited in Fig. 7. All the
samples just showed the presence of a one-time constant at the
intermediate frequency zone (~107'-10Hz). Mejia et al’’
described the appearance of two-time constants as common for
porous coatings. Indeed, the films did not display this condition,
which is coherent with the results shown by SEM (see Fig. 2) and
AFM. According to Fig. 7, the coatings did not exhibit large varia-
tions in impedance modulus (|Z|) and phase angle along exposure
time. Comparing |Z| values, all the samples obtained after 168 h of
artificial seawater exposure exhibited higher impedance and, hence,
better corrosion resistance than the uncoated substrate (SS316L),
which always showed a value around 1 MQ. Besides, the DOMS
films grew differently as mentioned before (see Fig. 2) and the
improvement of corrosion resistance was expectable since their
growth profiles varied from fine columns at low nitrogen content
to an unfeatured profile at higher nitrogen contents. This denser
last profile causes difficulty in the penetration of any substance into
the film. This increase in density is also the reason why the films
obtained by DOMS exhibited higher |Z| values (better corrosion
resistance) than their respective counterparts obtained by dcMS.

Regarding the phase angle, Fig. 7 shows the sample’s variation
along the exposure time at a lower frequency zone (~107' to
107> Hz range). Commonly, the decrease in the phase angle at
lower frequencies is connected to a corrosion rate increase,”’ and
all the studied samples (films and uncoated substrate) showed this
behavior after 168 h, which means an undoubted attack of artificial
seawater over the studied surfaces. Additionally, plateau formation
at intermediate frequencies in the bode plots of all films indicates a
high capacitive response of the coating.”’
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Figure 8 shows the Nyquist plots at 0 and after 168 h of the
samples. The rising of the imaginary part of impedance (—Zim,)
after 168 h and, consequently, the shrinking of their real part of
impedance (Z,e,) in all studied samples are evident. Despite the
reduction in Z,.,;, |Z| increased with time exposure as it is exhibited
by the bode plots (see Fig. 7). The unique loop in all samples is
notable, which is a clear indication of the absence of a diffusion
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FIG. 8. Nyquist plots of SS316L and the films at 0 (a) and 168 h (b) exposure
to simulated seawater.
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films.

EEC schematic used to fit the electrochemical data measured in the

process or additional layers on the outermost part of the studied
surfaces.

Figure 9 exhibits an equivalent electrical circuit (EEC) used to
fit the EIS results, with their respective fit parameters displayed in
Table V. The results show chi-square (x*) values in the order of
107> and are considered a good fit according to several authors.*””*
Concerning the EEC (Fig. 9), Ry, represents the resistance of the
electrolyte (artificial seawater), R, and CPE,,, represent the polari-
zation resistance of the film and the constant phase element of the
coating. The CPE element is employed to fit the electrochemical
reaction of the studied surface more precisely. In an ideal coating,
the layer response would be a capacitor.”> However, due to the
presence of (chemical or physical) heterogeneities such as impuri-
ties or flaws, which are common in sputtered films in which CPE is
employed. The exponent oo of CPE can vary between 0 and 1,
wherein 0 represents electrical resistance and 1 is pure capacitor
behavior.” Table V shows o values around 0.9, confirming that the
obtained films have capacitive behavior with some defects/impuri-
ties. Also, the dcMS film exhibited a lower o value than the DOMS
film, which indicates that the HiPIMS processing decreased the

TABLE V. EIS fit parameters of the coatings according to the EEC of Fig. 9.
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number of film defects. Concerning Ry, all the coatings showed a
higher value than those obtained for the uncoated substrate and,
hence, improved the corrosion resistance, confirming the PP test
results (see corrosion rates of Table IV). Again, R, exhibited higher
values in DOMS films than in dcMS films.

According to some authors,'”*° the porosity index can be
calculated quantitatively in films by Eq. (2),

AEcorr

x 107 1% 1,

PI (%) = 15 P ()

P,c

where R, and R, correspond to the polarization resistance of the
substrate and the coating, respectively. AE,, is the difference
between the substrate and coating corrosion potentials and B, is the
anodic Tafel slope of the substrate.”® The obtained values (see
Table V) confirm, as discussed before, that the films are not porous
and show a porosity index below 1.°” The porosity index decreased
in DOMS films up to 64% compared to dcMS films, which seems
to impact the corrosion resistance positively.

IV. SUMMARY AND CONCLUSIONS

Zirconium nitride films were obtained by R-HiPIMS.
Regardless of the amount of nitrogen during the deposition, the
films showed an evident dense growth profile typical of zone T of
the Anders diagram. Besides, the chemical composition of the coat-
ings showed a slight contribution of residual oxygen and a consis-
tent increase of nitrogen amount as the N,/Ar ratio increased
during deposition. Changes in the film microstructure were
evident. The fcc-ZrN and ort-Zr;N, crystal phases were detected in
all the films. The increase in the N,/Ar ratio was directly related to
a drop in the peak power of the Zr target and, consequently, to a

shift of the preferential orientation of the ZrN crystal phase from :
(111) to (220). The detection of the Zr;N, phase evidenced the :

inclusion of interstitial atoms in the ZrN lattice that created lattice
deformations and, hence, the film structures were subjected to
compressive residual stresses.

Concerning wettability, all the films showed similar surface
free energy regardless of the nitrogen content or used input power
source (dcMS or HiPIMS). The films showed low roughness
(S.<10nm) and nitrogen addition during deposition, increasing
the films’ smoothness, i.e., reduction of S, values. Comparing the
contact angles measured with artificial seawater, the DOMS films
showed a phobic trend. The DOMS films achieved an ~8% work of
adhesion reduction compared to the dcMS films and, hence, a
higher seawater rejection.

80°€2:1 | $20 JOqWBNON 90

Sample R, (Q) R, (MQ) CPE gy (uS*s®) o x* (x1073) Porosity index (%)
SS316L 289+ 14 39+15 11.1£1.3 0.91 £0.00 1.3 —
dcMS-ZrN 268 + 17 44+1 5.8+0.2 0.86 = 0.00 5.1 0.851
DOMS-ZrN-30 277 £12 99+1.7 54+0.1 0.90 £0.00 1.5 0.341
DOMS-ZrN-40 279+13 8.1+1.6 5.8+0.1 0.91 £0.00 2.0 0.388
DOMS-ZrN-80 320+ 17 10.1+£0.8 42+0.2 0.90 £ 0.00 4.0 0.307
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The EIS and PP tests were evidence of the best corrosion resis-
tance as the nitrogen content increased in the DOMS films. The
protection of films increased as corroborated by an ~3.3 times
reduction in the corrosion rate compared to the uncoated substrate
(SS316L) and an ~2.6 times reduction compared to the dcMS film.
Besides, the porosity index proves a higher densification of the
DOMS films and, thus, influences the corrosion resistance increase.
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