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The electrochemical impedance spectroscopy (EIS) and corrosion behaviour of physical
vapour deposited (PVD) TiAIN and TiCN coatings of 50 um mesh shaped AISI 316 stainless
steel were estimated under simulated marine conditions (3.5 wt. % NaCl solution). The coat-
ings were prepared by creating adhesive Cr-CrN interlayer with the thickness of about 0.3 pm.
The obtained thicknesses of produced coatings were measured to be in a range between 2 and
3.5 um. The presence of protective coatings leads to corrosion potential (£, ) shifting to more
positive values as compared to the bare stainless steel. This effect indicates higher protection
efficiency of coated steel under marine conditions. The protective behaviour of produced coat-
ing leads to the decreased corrosion current density (j ) by indicating up to 40-fold higher
polarization resistance as compared to resistance of the naturally formed oxide layer over
the stainless steel. The Nyquist and Bode plots were obtained with the help of EIS measure-
ments by applying alternating potential amplitude of 10 mV on observed £ . The obtained
plots were fitted by appropriate equivalent circuits to calculate pore resistance, charge transfer
resistance and capacitance. The present study reveals that pore resistance was the highest in
the case of TiCN coating (Rpare=3.22 kQ-cm?). The increase in duration of the immersion up to
24 h leads to change in the capacitive behaviour of the coatings caused by the penetration of
the aqueous solution into pore system of TiCN coating with low wettability and surface pas-
sivation of reactive TiAIN coating. The presence of defects was confirmed by examining the
obtained samples with the help of the scanning electron microscope.

Keywords: Coatings, corrosion, electrochemical impedance spectroscopy, marine condi-
tions, protection, PVD.

64



1. INTRODUCTION

The mechanical degradation of stain-
less steel components causes the consid-
erable attention during application under
the industrial [1], electronics [2] marine,
automotive and aerospace [3], [4] condi-
tions for the certain period of exposure to
mechanical, chemical, and electrochemical
impacts. Ballast water stability and maneu-
verability are required to ensure the buoy-
ancy of ships. The technological develop-
ment provides the construction and use of
larger sized modern cargo ships. It leads to
the highest consumption and more frequent
uptake and release of ballast water [5]. Bal-
last water tanker, pumping, and filtering
systems typically experience the combina-
tion of above mentioned impacts and other
types of severe wear causing factors [6].

It has been recently estimated that
between 10 and 12 billion tons of ballast
water are transported worldwide each year.
The ballast water typically contains bacte-
ria, plankton, viruses, small fish, crabs or
jellyfish which are mostly invasive to eco-
systems on the route of cruising ships. Stud-
ies have shown that around 7,000 marine
and coastal species travel daily and fre-
quently cross the world’s oceans and seas in
such a way. It results in irreversible ecologi-
cal variations and economic losses [7].

The International Convention for the
Control and Management of Ships’ Bal-
last Water and Sediments (BWM 2004)
was adopted by the International Maritime
Organisation (IMO) in 2004 and subse-
quently entered into force on 8 September
2017 to perform action for the prevention of
such a global environmental problem. The
aims of BWM 2004 are to govern the pro-
cess of ballast water exchange and reduce
the risk of invasive aquatic species to influ-
ence the foreign ecosystems.

65

According to BWM 2004, the installa-
tions for treatment of ballast water and sedi-
ment are required and they should be com-
pletely implemented till 8 September 2024.
In addition, it is important to underline
that BWM 2004 does not define specific
water treatment technologies. Eventually,
shipowners must make a choice between
existing technologies available on the mar-
ket and innovative technologies recently
introduced or currently under research and
development. Innovative and sustainable
technologies provide a clear advantage in
meeting the demand for construction of new
ships in accordance with the strictest envi-
ronmental requirements [5]. The operation
of currently applied ballast water manage-
ment systems (BWMS) typically includes
the combination of physical separation with
centrifugal force and disinfection (e.g.,
electro-chlorination and ultraviolet — UV
radiation) approaches.

Fixed or movable types of stainless
steel-based ballast water screens or disks
are typically applied during the pre-treat-
ment stage of BWMS to efficiently remove
suspended solids or organisms with sizes
above 50 pum. Typical filters include auto-
matic backwash (counter-flow) mecha-
nisms for self-cleaning to ensure continu-
ous operation. The main objective of such
an approach is to reduce the degree of dis-
infection treatment and required contact
time. It helps avoid the additional treatment
caused by larger sized organisms that block
the filter sieve mesh. It also leads to reduced
concentration of sediment in ballast water.
The presence of sediment particles reduces
the efficiency of UV radiation and causes
habitat for benthic organisms.

The backwash mode typically leads
to the discharge of the suspended/filtered



solids and wastewater from the filter in
the same area where the ballast is taken. It
should be noted that additional backwash
water treatment is recommended before
every discharging process [8].

It should be emphasised that all BWMS
have been tested under aggressive terrestrial
conditions with complex water conditions
(different water parameters and large num-
bers of organisms) to demonstrate that the
D-2 standard is met. Therefore, problems
that cannot be foreseen are only brought to
light in practice mainly due to clogging and
corrosion of the screen filters.

The tendency of filters to clog relates
primarily to filter design and small mesh
sizes [9].

Filters with a nominal pore size in the
range >10 um and <50 um are typically
applied to ballast water treatment. Simplis-
tically, the ballast water discharge standard
differentiates the target organisms in three
size categories: >50 pm sized organisms
(predominately zooplankton); 10-50 pm
sized organisms (predominately algae) and
larger sized bacteria. Most suppliers choose
filtration with a cut-point at around 40 pm
resulting in an immediate and very efficient
removal of zooplankton. The BWMS
manufacturers offer 40 um ballast water
self-cleaning filters made of stainless steel
304L, 316L for standard applications [10].
These facts typically cause the demand for
the improved resistance of exposed com-
ponents to reduce the expenditures for the
required periodic shutdowns and repairs
[11],[12].

The epoxy is one of the most popular
currently applied steel elements protecting
coating under marine conditions. The wear
of such a coating leads to environmental pol-
lution with highly stable microplastics [13].
The global demand for high-performance
corrosion and wear resistant coatings and
smart approaches stood nearly 14.61 billion

66

US$ in 2018 and was projected to reach
over 22.78 billion US$ by 2027 [14]. The
partial or complete replacement of micro-
plastics or hazardous compounds generat-
ing coatings with more durable thin physi-
cal vapour deposited (PVD) coatings and
development of innovative structures will
evidently play a vital role in environmen-
tal protection. Wear, erosion, and corrosion
are the most common forms of chemical
and mechanical attack. The most common
form of degradation is usually initiated at
the surface of the materials under the harsh-
est working environments.

Generally, the breakdown of the pas-
sive films, crevice corrosion, pitting, gal-
vanic corrosion, inter-granular corrosion,
selective leaching, erosion-corrosion, and
chemical stress corrosion are more com-
monly investigated and reviewed types of
corrosion in literature. As next to water,
steel corroding chlorides are the most com-
mon chemicals found in nature. Therefore,
chloride caused stress corrosion (cracking)
requires more careful examination [15],
[16].

It is important to minimise the con-
centration of growth defects in order to
improve the tribological properties of PVD
hard coatings [17], [18]. PVD coating tech-
nology had intensive progress last decade,
and it was successfully adapted even for
protection of fine powder coatings. Ceramic
hollow particles have been coated with Cu-
metal (the thickness of 0.4-2.5 um) [19],
[20]; Ti (0.15-0.25 pm); and Ti-TiN (0.2—
0.4 um) [21]. The protection of Mg-alloys
with thin coatings is one of the most chal-
lenging objectives to enable the safe appli-
cation of low density components under
marine conditions [22], [23]. Current solu-
tions still cannot meet automotive industry
test requirements.

The metallic substrate has no direct
contact with the corrosive environment in



case of a typical coating-metal substrate
system. However, the presence of voids,
pinholes, droplets, poor adhesion, differ-
ence in chemical composition between the
coating matrix and droplet lead to corrosion
[24], [25]. These defects are considered the
primary causes of failures in coating/metal
systems.

It should be noted that macrodefects
caused by inclusions in the dense coat-
ing do not always present a break-point in
corrosion resistance [26]. Transition metal
nitrides are widely applied due to high
hardness, high electrically conductivity, and
good corrosion resistance [27], [28]. Corro-
sion resistance of hard coatings, like TiAIN,
TiN, and TiCN, depends on microstructure
defects. Such hard coatings typically exhibit
trans-passive state under marine water con-
ditions [28].

The mechanism of corrosion and mate-
rial microstructure both play an important
role in the corrosion process [29]. A coat-
ing/metal substrate system is examined in
the present study to understand the effect of
galvanic corrosion caused by the presence
of defects in the coating. Electrochemical
reaction is the prevalent corrosion mode.
Electrochemical characterisation of the
tested coatings is performed in the present

study to investigate their corrosion behav-
iours in a simulated marine (corrosive)
environment.

The corrosion behaviour of produced
coated samples is studied and compared
with the help of potentiodynamic polariza-
tion and the electrochemical impedance
spectroscopy (EIS) methods. It should be
noted that quantitative evaluation of the
kinetic parameters for the observed corro-
sion mechanisms is a complicated process
by employing the potentiodynamic polar-
ization technique alone [30]CrN, TiAIN
and multilayer TIAIN/CrN coatings, depos-
ited on steel substrate using a multi-target
reactive direct current magnetron sputtering
process, were studied in 3.5% NaCl solu-
tion by potentiodynamic polarization and
electrochemical impedance spectroscopy
(EIS). More detailed information about the
electrochemical reaction at the electrode/
electrolyte interface can be interpreted
with the help of appropriate equivalent cir-
cuit supported EIS measurement data. The
use of EIS technique allows detecting the
resistive and capacitive nature of the elec-
trochemical interface, thus identifying the
effect of micropores on the localized corro-
sion behaviour.

2. THE OBJECT FOR RESEARCH AND DEVELOPMENT

The high-quality stainless steel screen
offered by most vendors has a relatively
short lifespan. The failed stainless steel
AISI 316L screen filter after 6-month long
operation under real operational conditions
was selected for preliminarily research and
development activities at the Latvian Mari-
time Academy (LMA), as demonstrated
in Fig. 1. The chemical and galvanic cor-
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rosion was observed as the main cause of
the screen filter failure in addition to solid
particles containing slurry that caused abra-
sive wear of the formed corrosion product
layer (e.g., rust). Therefore, it was decided
to apply hard coating over the stainless steel
screen filter material to estimate the chemi-
cal and electrochemical corrosion resistance
under simulated marine conditions.



Fig. 1. Failed screen filter after 6-month service under real conditions.

3. EXPERIMENTAL METHODS

The 50 pum mesh shaped flat substrate
samples of stainless steel AISI 316 (EN
1.4401) with dimensions of 25x15%2 mm
were polished with the help of the dia-
mond polishing disc and SiC polishing pads
down to 0.5 um. The produced substrates
were cleaned by immersion in the ultra-
sonic bath for 1 h with subsequent drying
under vacuum and final sputter-cleaning in
argon plasma with bias voltage -850 V at
400 °C for 1 h. The Cr-CrN interlayer with
the thickness of about 0.3 um was created
to provide high adhesion strength between
stainless steel substrate and the selected
coatings. The interlayer coating and TiCN
and TiAIN coatings (with a content of Al 0
and 55 at. %, respectively) were deposited
on substrate with the help of a modernised
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vacuum installation NNV-6,6-11 [31], the
operating principle of which is based on the
method of PVD under a reactive nitrogen
atmosphere. The deposition temperature for
each coating was 500 °C.

The obtained specimens are marked as
follows: uncoated AISI 316 (R), coated with
TiCN (A) and TiAIN (B). A scanning elec-
tron microscope Hitachi TM3000 (Table-
top) equipped with energy-dispersive X-ray
spectroscopy (EDS) was used to observe
the surface morphology. The thickness of
produced coatings was measured with the
help of the kalotest method according to the
method developed by BAQ (Germany).

Potentiodynamic polarization and elec-
trochemical impedance spectroscopy mea-
surements were performed under simulated



marine conditions (3.5 wt. % NaCl solu-
tion) in the three-electrode (potentiostatic)
mode in the presence of the saturated calo-
mel reference electrode (SCE) and platinum
(Pt) counter electrode (CE) with a working
surface of 2 cm?. Protective silicone iso-
lated specimens with an exposed surface
area of about 1 cm? were used as working
electrodes (WE).

Potentiodynamic  polarization mea-
surements were performed using Autolab
PGSTAT30 galvanostat/potentiostat system
with General Purpose Electrochemical Sys-
tem GPES software. After the open circuit
potential (E£,,) stabilization, lower poten-
tial limits of linear sweep voltammetry
were set in a range between -0.7 and 0 V by
selecting a scan rate of 5 mV-s.

According to Faraday’s law, the pen-
etration rate is calculated by Eq. (1):

lCOTT

CR=K,-

E Walloyr (1)
where CR — the penetration rate (the thick-
ness loss per unit of time), mm-year'; K, =
3.3-10° mm-year! (only consistent valence
groupings were used); i — corrosion cur-
rent density (uA-cm?); p — alloy density,
(grem?); E Wy — the alloy equivalent
weight (dimensionless in this calculation)
[32].

The protective efficiency P, (%) of the
coating was calculated as follows:

lCOTT

i0
Leorr

P; = [1 - ] x 100, )
where i¢opand iQ,,, indicate the corrosion
current density of the coating and substrate,

respectively.

The porosity F' (%) of coating is calcu-
lated according to Eq. (3):
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R
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where R,,,, and Ry, are the polarization resis-
tances of the substrate and coating-substrate
systems (calculated by GPES according to
Eq. (4)), respectively; AE,,, is the corro-
sion potential difference between the sub-
strate and applied coating, and B, is the
anodic Tafel constant of substrate [33].

R (R )_ ((SAE )
pBom) =(57) Lyasy, @
where a small potential scan AE(t) is
defined with respect to the corrosion poten-
tial shown in Eq. (5) [32]:

AE =E = Ecorr. %)

3.1. Electrochemical Impedance Spectroscopy

Alternating current (AC) impedance
for all specimens was derived using an
AutoLab  with  potentiostat/galvanostat
PGSTAT30 and Frequency Response Ana-
lyzer (FRA) module. A sinusoidal AC per-
turbation of 10 mV amplitude was applied
to the electrode at the observed £ over
the frequency range of 10 mHz to 10 kHz
after short (approximately 10 min) and long
(approximately 24 h) exposure time in a
corrosive medium before testing by apply-

69

ing the observed £ (conditioning). NOVA
2 software was used for the analysis of the
obtained plots and fitting to the selected
equivalent circuits. Equivalent circuits were
generated with the help of the EQUIVCRT
software. It should be noted that specimens
exposed for a long period were immersed in
the fresh 3.5 wt. % NaCl solution to avoid
the effect of NaCl concentration changes
caused by reactions and evaporation of the
liquid phase.



4. RESULTS AND DISCUSSION

The SEM images of the surface morphol- coatings are shown in Fig. 2.
ogy of the as-deposited TiCN and TiAIN

Surface of
coating

Layer of
coating

Defects

— Substrate

x1.0k 100 um

A (TiCN) — cross-section B (TiAIN) — cross-section

Xx1.0k 100 um

Xx3.0k  30um x3.0k  30um

C (TiCN) — Surface D (TiAIN) — Surface

Fig. 2. SEM coating and substrate cross-sections of TICN (A)
and TiAIN (B); and morphology of as-deposited coatings
TiCN (C) and TiAIN (D).

The Tafel plots obtained for steel sub-  the positive side (-0.19 and -0.18 V) with
strate and coated specimens are shown in ~ down to 20-fold lower i, as compared to
Fig. 3, and the obtained potentiodynamic  the substrate. These results indicate better
polarization data from GPES are shown in corrosion resistance for TiCN and TiAIN
Table 1. £ of the steel substrate is about ~ coatings over steel substrate, confirming
-0.36 Vandi_ is 1.79 uA-cm? TiCN and  that the transition metal nitrides are more
TiAIN coatings show that £ shiftstowards  inert to a chemical attack.
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Fig. 3. Potentiodynamic polarization curves (Tafel plots) of as-received tested specimens.
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Fig. 4. Potentiodynamic polarization curves (Tafel plots) of as-received tested specimens after 24 h immersion.

Table 1. Potentiodynamic Polarization Data of Tested Specimens in 3.5 wt.% NaCl Solution

corr iwrr B a Bc Rpm’ Rp
V) (LA-cm?) (V-decade™) (V-decade™) (Q-cm ?)
R -0.36 1.79 0.08 0.15 1.24-10*
A -0.19 0.19 0.09 0.30 1.60-10°
B -0.18 0.09 0.16 0.35 5.27-10°
Table 2. Penetration Rate, Protective Efficiency and Porosity Calculation
Results from Potentiodynamic Polarization Data after 24 h Immersion
CR P, F
(mmryear™) (%) (%)
R 3.75-10°3 - -
A 8.43-10* 89.24 0.51
B 4.94-10* 94.98 0.01
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The obtained Nyquist plots exhibit an
overlay of at least two semicircles for all
the samples, indicating multiple time con-
stants due to a short exposure time in the
simulated marine environment. It could be
concluded that the applied short exposure
duration (10 min) is not sufficient to reveal
the significant degradation of the substrate
[30], [34], as shown in Fig. 5. The TiAIN
coated material exposed for a short period
exhibits the highest charge transfer resis-
tance (R ) as compared to TiCN coated
sample exposed for a short period, as dem-
onstrated in Table 3. The absolute imped-
ance increases in the same order (AISI 316;
TiCN, and TiAIN), as demonstrated in
Fig. 6 a (log|Z| vs. log (f) — Bode plot).
Phase angles of stainless steel and coated
samples are about 67 and 77°, respectively,
as demonstrated in Fig. 6 b (phase angle vs.
log (f) — Bode plot). This result indicates
a slightly more homogeneous surface of
coated samples as compared to uncoated
stainless steel. The inhomogeneous behav-
iour of stainless steel can be explained with
the effect of the naturally formed oxide
coating on the alloy surface which consists
of different types of oxides with different
resistance to degradation under simulated
marine conditions.

The generated equivalent circuit for
AISI 316 stainless steel substrate after long
exposure (24 h) is demonstrated in Fig. 8.
This circuit consists of double layer capaci-
tance (Q,) parallel to the charge transfer
resistance (R ). Both are in series with the
solution resistance (R)) located between the
working electrode (WE) and the tip of the
Lugging capillary. The EQUIVCRT soft-
ware is programmed to regard the Q for
the constant phase element. This element
accounts for deviations from ideal dielectric
behaviour related to the surface inhomoge-
neities, calculated according to Eq. (6):

Y(w) =Y( - w)™, (6)

72

where Y, is the adjustable parameter applied
to non-linear least squares fitting; n, is an
adjustable parameter in the range from 0.5
up to 1 and is generated from the slope of
log|Z| vs. log (f) (Bode plot). The phase
angle @ varies between 0° (n,=0 in the
case of a perfect resistor) and 90° (n,=1 in
the case of a perfect capacitor). A value of
O between 60 and 70° represents a leaky
capacitor behaviour of stainless steel with
n,=0.78). TICN and TiAIN exposed for
a short period exhibit perfect resistor and
capacitor behaviour, respectively. These
effects can be explained with high passiv-
ity of the TiCN coatings to the saline water
and low wettability caused by the presence
of carbon [35], which also limits the pen-
etration of the water into pores of the coat-
ing. However, the presence of aluminium in
the TiAIN coating leads to a hydrolyzation
reaction between free Al and water. Corro-
sion products like amorphous aluminium
monohydroxide (AlOOHamrph) and crystal-
line aluminium hydroxide (Al(OH)Scrystal)
form and generate the highly passivating
layer on the surface of the TiAIN coating
[36].

This effect leads to replacement of dou-
ble layer capacitance (C,) by the constant
phase element at n,<1. The circuit descrip-
tion code (CDC) for the AISI 316 stain-
less steel after 24h long exposure to aque-
ous 3.5 wt. % NaCl solution matches the
R/OR], as demonstrated in Fig. 8.

The low coating thickness typically
leads to rapid formation of localized gal-
vanic cells (galvanic corrosion occurs) due
to penetration of aqueous solution (electro-
lyte) into pores almost immediately after
the immersion of coated material [37] of
the equivalent circuits for electrochemical
impedance spectroscopy (EIS). Therefore,
corrosion occurs at two interfaces consist-
ing of electrolyte coating and electrolyte
substrate. The presence of an adhesive



interlayer and the use of gradient or mul-
tilayer PVD coatings typically cause addi-
tional galvanic corrosion sub-interfaces
between layers with different electrochemi-
cal properties (potentials).

Previous exposure of specimen to the
air leads to a slight reduction in a corro-
sion rate caused by the decreased aque-
ous solution penetration rate through the
defects of coatings even after bubbling of
cell with nitrogen gas. The finite length dif-
fusion process requires the adoption of the
cotangent diffusion element (O) in series
with the charge transfer resistance in CDC
of tested PVD TiCN and TiAIN coatings.
The resulting CDC can be expressed as
R(QO[R(Q[RO))]) to fit the electrochemical
impedance spectroscopy data of the coated
samples after 24h immersion in the simu-
lated marine conditions, as demonstrated
in Fig. 9. The cotangent diffusion element
is typically applied for simulation of finite
length diffusion in the case of one bound-
ary imposing a fixed concentration for dif-
fusing species [38]; therefore, the complex
admittance of finite length diffusion can be
expressed according to Eq. (7).

Y(w) = {Y,(j - w)/?}coth [BY,(j - w)'/?]. (7)

The equation includes two parameters —
an admittance (Y,) and a time constant (B).
Reactant diffusion duration through the

coating is characterised by the “time con-
stant” parameter, which can be expressed
according to Eq. (8).

8
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where D is the diffusion coefficient and ¢ is
the thickness of the coating.

The coating capacitance (Q, ) value
after 24 h exposure is the highest for TiICN
(94), indicating a more homogeneous sur-
face as compared to TiAIN coated speci-
men. The inhomogeneity of TiAIN coating
contributes not only to the surface rough-
ness and defects in the coating, but also
to the presence of reactive Al and coating
generated by the reaction products (e.g.,
AIOOH) [18]. The aqueous 3.5 wt. % NaCl
solution penetrates trough all defects of the
original coating and reaction products by
accessing the unreacted material.

The presence of micrometre sized
pores in the tested coatings results in the
decreased coating capacitance and the
increased charge transfer resistance after
24 h long exposure. The long exposure
results in insignificant variations in the Q,
and n, values of the tested coatings as com-
pared to the stainless steel substrate. The
shape of Bode plots after long exposure
indicates the same corrosion mechanisms
occurring in TiCN and TiAIN coatings.

Table 3. EIS Data Obtained by Equivalent Circuit to Fit Tested

Coatings Studied after 10 min and 24h Immersion

Tested specimen R, Cou ¥y pore Y |, R, 0%, B
(Qem?) | (uF-em?) | “ew | (Qrem?) | (WFrem?) | 4| (kQrem?) | (uem?/s) Ws)

R(AISI316), . | 18.1 - - - 8.1 078 82 - -

R (AISI 316),,, 18.5 - - - 016 [090] 162 - -

A (TiCN),, . 19.5 6.36 0.84 3.22 900-10°13 0 2.47 18.1 6.47-10°

A (TiCN),,, 18.4 94.0 0.72 180 0.10 0.76 2.17 2704 1.51

B (TiAIN),, . 20.1 37.0 0.85 0.21 9.88 1.00 14.3 19.7 1.52

B (TiAIN),,, 19.4 91.1 0.85 390 0.16 0.96 3.51 12700 8.74
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Fig. 5. Nyquist plots of the tested specimens after 10 min immersion.
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Fig. 8. Equivalent circuit to fit the electrochemical impedance spectroscopy data
of the AISI 316 after 10 min immersion.
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Fig. 9. Equivalent circuit to fit the electrochemical impedance spectroscopy data
of the coated samples after 24h immersion.

5. CONCLUSIONS

The thickness of the produced TiCN and
TiAIN coatings from 2 up to 3.5 pm pro-
vides up to 95 % higher protective efficiency
as compared to the surface of the mesh
shaped stainless steel AISI 316 substrate
(reference sample) after 10 min immersion
and 24 h exposure under simulated marine
conditions (3.5 wt. % NaCl solution). The
selected PVD coating method leads to the
formation of low porosity (up to 0.51 % in
the case of TiCN). The presence of free Al
in TiAIN coating leads to the formation of
passive AIOOH reaction product.

The increased duration of immersion
up to 24 h leads to penetration of liquid
inside the pinholes and macrodefects with
diameters less than 10 um. This process
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results in £ shifting toward a more nega-
tive potential as compared to samples after
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