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Abstract

In this work the corrosion resistance of stainless steel 304L coated with Mn-based thin film and post annealed with flow of
nitrogen at 723 K in 0.6 M NaCl solution is reported. The latter was performed at three different solution temperatures of
293 K, 313 K and 333 K. X-ray diffraction analysis was used to determine the crystallographical structure and phases of the
annealed samples. Atomic force microscope and field emission scanning electron microscope were employed to determine the
morphology of the surface of the samples. Corrosion behavior of the samples in the corroding media was studied by means
of electrochemical impedance spectroscopy (EIS) and polarization analysis. Results showed that the sample investigated in
the 0.6 M NaCl solution at 293 K temperature has the highest corrosion resistance than those studied at higher temperatures.
The correctness of the EIS results was confirmed by Kramers—Kronig transformation, while fitting of the data (Nyquist and
Bode diagrams) to suitable equivalent electrical circuits showed that the highest corrosion enhancement is achieved for
the Mn-based/SS304L sample in the 0.6 M NaCl solution at 293 K temperature, resulting in a 90.57% corrosion inhibition
enhancement factor (1%). Polarization measurements also showed that this sample has the lowest corrosion current density,
lowest corrosion rate and highest corrosion potential with a 96% corrosion inhibition efficiency factor (PE%). Consistent
results are achieved for EIS and polarization measurements which are then correlated with the nanostructure of the films
using X-ray diffraction and atomic force microscope analyses.

Keywords Corrosion - Mn thin films - Potentiodynamic - Stainless steel 304L - Electrochemical - Impedance spectroscopy -
Kramers—Kronig transformation

Introduction

Metals like plain-carbon steel, aluminum, copper, and their
alloys have numerous applications in marine, aeronautic,
industrial, and manufacturing sectors [1-5]. While these
metals are valuable for their physical properties such as
toughness and the high ratio of strength to weight, they are
very vulnerable to corrosion under corrosive environments
[6-9]. Therefore, the main reason for using stainless steels
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is their high resistance against corrosion [10, 11]. Proper-
ties such as resistance against corrosion, high strength, and
favorable mechanical features have led to their application in
numerous scientific and engineering fields including chemi-
cal and pharmaceutical industries, petrochemical industries,
oil and gas lines, and marine constructions [12, 13]. Forma-
tion of a film on the surface of stainless steels improves their
resistance against corrosion. On the other hand, the presence
of Cl, Br, and I ions destroys this passive layer and results
in pitting corrosion [14, 15]. Pitting corrosion occurs as
small regions locally selected leading to formation of small
cavities and pores [6]. In stainless metals, pitting corrosion
occurs when the electrode potential exceeds a critical level
(cavitation potential) [16, 17].

Boilers and water cooling systems are among the most
important equipment made of stainless steels [18—20].
Increased temperature in this equipment can influence
the rate of corrosion in steels. Generally, increase in the
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temperature speeds up the oxidation and reduction reactions
on the metal surface and as a result, corrosive ions have
a better access to the surface and the density of corrosion
current is increased [21]. Jian et al. [22] studied the effect
of temperature on corrosion of 304 type stainless steel in a
media containing NaCl and found that the passive layer was
in its most stable condition up to 20 °C and the produced
cavities were quickly recovered. However, with increas-
ing the temperature to 40, 60, and 80 °C, the passive layer
increasingly lost its stability and the vulnerability of the sur-
face to corrosion increased. Moreover, they showed that the
increase in the rate of corrosion is not the same in different
temperature ranges and it is higher within the temperature
range of 60-80 °C compared with that of 40-60 °C.
Various methods are proposed to improve resistance
against pitting corrosion of stainless steels in the equipment
used under temperatures higher than the ambient tempera-
ture. Coating is one of the most important methods proposed
for this purpose [23-26]. In recent years, various coatings
have been studied for the stainless steels submerged in the
media containing NaCl and the effect of temperature on
their corrosion rate has been analyzed. Zhang et al. [27]
in their study on the 304 type stainless steel coated with a
layer of hopeite conversion coating film and submerged in a
0.9% NaCl solution under various temperatures (45-85 °C)
observed that despite significant enhancement of the cor-
rosion resistance of the coated sample relative to that of
uncoated one, increasing the corroding medium’s tempera-
ture from 45 to 85 °C led to increase of corrosion rate by a
factor of three. Mohammadloo et al. [28] found that with an
increase in the temperature from 20 to 40 °C, the corrosion
current density of the steel coated with a hexafluorozirconic-
based conversion coating submerged in a 3.5% NaCl medium
increased from about 5.11-11.31 pA/cm? which means the
corrosion rate doubled with the raise in temperature.
Another important parameter to prevent pitting corrosion
is the thickness of the coating. Chou et al. [29] coated 304
type stainless steel with TiN thin films of different thick-
nesses and studied their corrosion behavior in 5% NaCl
solution. Their results showed that the minimum thickness
required for the sample being resistance against pitting cor-
rosion is 0.7 pm. Curkovic et al. [30] in their studies on the
effect of the thickness of TiO, coating on the corrosion of
304 type stainless steel in 3% NaCl solution reported that
increasing the thickness of the coating reduced pitting cor-
rosion rate. Therefore, increasing the thickness of the coat-
ing can have some favorable influences on enhancement
of pitting corrosion resistance of stainless steel. However,
increased thickness may impose some limitations on the per-
formance of the coated samples in practical applications.
Therefore, achieving resistance to pitting corrosion through
formation of a thin layer of coating on the samples can have
an ideally promising perspective in practical applications.
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The only work related to the temperature of the corrod-
ing medium on the corrosion of 304L type stainless steel is
reported by Salih et al. [31] in which they did not coat the
sample and studied the effect of temperature of NaCl and
Nal solutions on the uncoated but polished 304L and 304
types stainless steel. Their results showed that both samples
suffered from severe pitting corrosion at room temperature
up to 50 °C.

The aim of this work is to study the influence of corroding
medium (0.6 M (3.5%) NaCl solution) temperature on the
304L type stainless steel as deposited by 190 nm Mn-based
(hereafter called Mn) thin film and subsequently annealed
with flow of nitrogen to produce Mn-nitride. Generally,
ceramic or organic coatings increase the corrosion resistance
of a metallic substrate via three mechanisms: barrier protec-
tion, passivation of the substrate surface (inhibitive effect),
and sacrificial protection (galvanic effect). Ceramic coat-
ings can improve the corrosion resistance of a substrate by
impeding the transport of aggressive species into the surface
of the substrate due to their low permeability for the corro-
sive electrolyte. Therefore, barrier protection of Mn-based
ceramic coating can be considered as the main mechanism
for the corrosion resistance enhancement in this work. To
the best of our knowledge at the time of submission of this
manuscript this is the first report on corrosion of 304L type
stainless steel in which this method of deposition is used.
Corrosion behaviors of the produced samples are analyzed
by electrochemical methods namely electrochemical imped-
ance spectroscopy (EIS) and polarization measurement. The
results of EIS and polarization measurements showed a pos-
sible corrosion inhibition enhancement factor (7% =90.57%)
and a corrosion inhibition efficiency factor (PE% =96%),
respectively for the sample measured at 293 K corroding
medium temperature. Physical structure of the samples are
obtained using atomic force microscopy (AFM) and field
emission electron microscopy (EIS) while their crystallo-
graphic structure is obtained by means of X-ray diffraction
analysis (XRD). Kramers—Kronig transformation analysis of
the results confirmed the EIS data [32, 33].

Experimental details

The 304L type stainless steel of (21 x21x 1 mm?) was
employed as substrate. X-ray fluorescence (XRF) analysis
and CS-2000 device were used to determine the chemical
composition and carbon content of the samples (Table 1).
The as received 304L type stainless steel (SS304L)
was covered with a polyethylene sheet to prevent oxida-
tion and mechanical damage. The protective sheet was
removed by immersing the samples in ethanol for several
days before they were thoroughly cleaned with an ultra-
sonic device in heated acetone (CH;COCH;) and then in
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Table 1 Chemical cpmposition Sample Element (wt%)
of the 304L type stainless steel
SS304L \% Cr Co Ni Mo C
0.061 14.293 0.202 5.699 0.087 0.024

ethanol (C,H;OH) for at least 20 min. Mn (99.98%) with
a film thickness of 190 nm was deposited on the SS304L
substrates by electron beam using (Model E19A3 Edwards,
England) with a base pressure of 5x 10”7 mbar and at room
temperature. Mn deposition rate and thickness was measured
by a quartz crystal controller (Sigma Instruments, SQM-160,
USA) placed near the substrate. A deposition rate of 0.6
As™! was used.

The Mn/SS304L samples were then annealed at the con-
stant temperature of 723 K with a 300 sccm flow of N, gas
(99.999%) in a horizontal tube furnace (Exciton, 1200-30/6,
T.H, Iran). The furnace was equipped with a temperature
controller (Shinko PCD 33A) programmable with 9 differ-
ent programs of 9 stages and the maximum temperature of
1200 °C. The annealing of the Mn samples took place in
three stages as: (1) the samples were heated to a temperature
of 723 K for 2 h. (2) They were, together with the nitro-
gen flux, kept at this temperature for 6 h. (3) They were
allowed to cool down for 10-12 h until they reached room
temperature.

A phenomenon referred as “sensitization” occurs at tem-
peratures higher than 700 K to stainless steel where Cr at
their grain boundaries reacts with carbon content leading
to formation of chromium carbide. Consequently, reduced
chromium contents along these regions increases the prob-
ability of grain boundary corrosion.

Crystallography and crystallite size (coherently diffract-
ing domains) information were obtained by means of XRD
analysis (Stoe STADI-MP diffractometer) with Cuk,, source,
step size of 0.02° and count time of 1.0 s per step, and energy
30 keV. Surface morphology, roughness of each sample, and
the grain size were obtained from AFM analysis (NT-MDT
Scanning Probe Microscope, TS 150) and FESEM (FEI
NOVA NanoSEM450).

A potentiostat coupled with a PC (Ivium, De Zaale 11,
5612 AJ Eindhoven, Netherlands) was used for EIS meas-
urements with reference to the open circuit potential (OCP)
within 0.01 Hz-100 kHz, an amplitude of 10 mV, and on
1 cm? surface area of the samples. An Ag/AgCl (saturated
KC1,+0.197 V vs. standard hydrogen electrode potential)
electrode was used as reference and a Pt electrode served
as the auxiliary electrode. The test sample—the working
electrode—was mounted on a polyamide (inert) fixture to
get an electrical contact with no unwanted effects. Samples
were immersed in the 0.6 M NaCl (corroding medium) and
the OCP measurement was performed prior to the EIS test to
make sure of the stability of the system for at least 50 min.

The EIS measurements were performed at the three desig-
nated temperatures (293, 313 and 333 K) after achieving
equilibrium at each of these temperatures. The temperature
of the corroding medium was kept constant throughout of
each electrochemical impedance spectroscopy and polariza-
tion analysis. EIS data were fitted by corresponding equiva-
lent electric circuits using ZView software version 3.1 c.

The corrosion resistances of the samples were precisely
analyzed and compared based on the impedance, phase-
Bode, and the Kramers—Kronig diagrams.

In this measurement set up, the polarization potential was
applied to the sample by a copper wire attached to the back
side of the sample which was mounted on the polyamide
fixture. Also, an Ag/AgCl and a Pt electrode were considered
as the reference and the counter electrode, respectively. The
potential was swept with a rate of 1 mV/s to deal with a
span of about 2 V (within — 1 V and + 1 V) for each sample,
starting from -1 V vs. OCP. The electrochemical tests were
repeated three times for each sample to ensure the validity
of the test results.

The rate of—and resistance to—corrosion for each
sample were determined by calculating the corrosion cur-
rent density, i, and the corrosion potential, E_,  using
Stern—Geary equation:

= icorr{exp [ba(E - Ecorr)] — €Xp [bc(E - Ecorr)]} and
by fitting the polarization curve for each sample to the
anodic and cathodic branches, using MATLAB.

Results and discussions
AFM analysis

Results of surface morphology analysis using an atomic
force microscope (AFM) and also the relevant measure-
ments including grain size (D 4py), average surface rough-
ness (R,,.), and the root mean square of surface roughness
(R, of 1 um? of each stainless steel sample (SS304L,
Mn/SS304L, and MnNx/SS304L) are shown in Fig. 1 and
Table 2, respectively. Deposition of Mn on SS304L pro-
duced an almost uniform grain distribution on the substrate
surface with increased grain size and reduced surface rough-
ness relative to the bare SS304L substrate. However, after
annealing of the Mn/SS304L sample with flow of nitrogen at
723 K temperature the surface roughness increased and the
grain size is decreased. These changes can be related to dif-
fusion effect at this annealing temperature and the solubility
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Fig. 1 2D and 3D AFM images
of a SS304L, b Mn/SS304L and
¢ MnN,/SS304L

Table 2 Grain size (D,py), average surface roughness (R,
root mean square surface roughness (R,
this work obtained from AFM analysis

we)» and the

ms) Of the samples produced in

Sample R, (nm) R, (nm) D ppy (nm)
SS304L 2.33 1.75 53.85
Mn/SS304L 1.49 1.11 108.72
MnN,/SS304L 16.26 12.71 84.40

of nitrogen in the Mn coating which act opposite to each
other. Solubility/penetration of nitrogen molecules can
break up the Mn grains to smaller ones [34] while diffusion
effect leads to larger grains being formed. The competition
between these two processes has resulted in the formation
of the MnN,/SS304L sample in this work shown in Fig. 1c.

XRD analysis

Figure 2 presents the XRD patterns of the samples produced
in this work and analyzed using the standard JCPDS cards.
The result for SS304L shows peaks at angles 44.426, 51.581,
75.477, and 91.432 degrees, corresponding to y—Fe(111),
y—Fe(200), y—Fe(220), and y—Fe(311), respectively, in
accordance with the JCPDS card No: (00-003-0397). For
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Fig.2 XRD patterns of the samples produced in this work:
a SS304L, b Mn/SS304L and ¢ MnN,/SS304L

the Mn/SS304L, in addition to the four peaks observed for
SS304L sample a peak is appeared at 43.674° which belongs
to MnO, (140) according to JCPDS card No: (00-005-0600).
The reason for oxidation of Mn film in this sample should be
the oxide formation of the source material during pumping
of the PVD system until the pressure of the system reached
5% 107" mbar and also during deposition at this pressure as
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well as being exposed to air after deposition for performing
the XRD measurement.

As Fig. 2b suggests, due to deposition of 190 nm Mn
on the SS304L substrate, the magnitudes of peaks related
to SS304L are reduced compared with Fig. 2a. In case of
MnN,/SS304L, again the XRD pattern shows the SS304L
four peaks with further decrease of their intensity and forma-
tion of Mn;N,(112) diffraction line at 33.106° in accordance
with the JCPDS card No: (01-081-0299) confirming the Mn-
nitride formation.

FESEM and EDS analyses

Surface and cross-section FESEM images of Mn/SS304L
sample before annealing process are given in Fig. 3. There
are some lined cracks on the surface of this sample (10 um
scale image) while finer cracks/kink scan also be observed
on the 1 pm scale image (inset). The inset of the cross-sec-
tion image clearly shows both the as deposited film thickness
(i.e., 190 nm) and the tapered structure consistent with the
structure zone model (SZM) [35-39].

Fig.3 FESEM images of Mn/
SS304L sample before anneal-
ing process: a surface, b cross-
section, ¢ EDS spectrum

To confirm the XRD results (Fig. 2), [35] discussed in the
preceding section the energy dispersive spectroscopy (EDS)
analysis was carried out on the Mn/SS304L sample (Fig. 3¢
and Table 3). The high intensity peaks for Mn and oxygen
clearly confirm the formation of Mn-oxide.

Electrochemical polarization analysis

Polarization curves obtained from the measurements on all
samples produced in this work are given in Fig. 4.

The polarization curve for SS304L shows that the pas-
sive potential and passive current density for this sample
are (Ep=—0.125 V) and (Jp=— 1.1 mA/cm?), respectively
which because of the formation of an oxidized layer, as with
a chromium oxide layer on metals [40], the speed of corro-
sion reactions are reduced in the region [41, 42]. When the
anodic polarization increased to 0.105 V, this layer breaks
and the corrosion reactions rise. This makes the system enter
a transpassive phase and the oxidization starts on the surface
layer. In case of Mn/SS304L sample, the passive potential
and transpassive potential are 0.250 V and 0.603 V, respec-
tively. Since the potential range in which Mn/SS304L is in

3
2] o
§ 25
o 2 ; Cr
e
O 15
Mn .
1 Ni Ni
0.5
0
0 1 3 4 5 6 7 8 9 10
Energy (keV)
Table 3 EDS elemental analysis 1 E M Ni
(Wt%) for Mn/SS304L sample Sample N " cr ¢ ! 0
Mn/SS304L 43.76 38.64 10.07 0.56 3.52 3.45
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the passive state is wider than that for SS304L sample, it can
be concluded that the surface of the former sample is more
stable than the latter sample which can be due to deposition
of Mn on SS304L.

After annealing, the corrosion passivation for
MnN (293 K)/SS304L and MnN, (313 K)/SS304L are
0.227 V and for MnN (333 K)/SS304L, is 0.360 V. The
transpassive region was measured outside the potential
range. Anodic branches in all three samples after annealing
were similar because of the oxidized nature of the coatings;
however, the cathodic branch of MnN (293 K)/SS304L sam-
ple is at a lower current density compared to other sam-
ples. The difference in current density, corrosion potential,
and Tafel anodic and cathodic slopes are attributed to the
variations in surface morphology and phase composition
of the coatings. Therefore, regarding the direct relationship
between current density and corrosion speed, MnN, (293 K)/
SS304L sample has shown the highest level of corrosion
resistance.

The temperature of the corroding solution clearly influ-
ences cathodic reactions and works in favor of the kinet-
ics present in the corrosion reaction. The temperature also
increases the anodic collapse of the metal as the intensity of

1.0
—— S$S304L(NaCl)
J| —Mn/ss304L
MnN (293K)/SS304L
W 0.5 | =—MnN,(313KysS304L
» ——MnN,(333K)/SS304L
)
>
>
o 0.0
s
=
5]
o -0.54
a MnN (333K)/SS304L Mn/SS304L
MNN, (313K)/SS304L ——
X $S304L
MnN, (293K)/SS304L —
'1.0 T v )

10 -8 -6 -4 2 0 2

log (Current density, i(mA.cm"z))

Fig.4 Polarization curves for SS304L, Mn/SS304L, MnN (293 K)/
SS304L, MnN (313 K)/SS304L, and MnN, (333 K)/SS304L

anodic currents also increases at higher temperatures [43,
44].

UsingStern — Geary equation : i
= icorr{exp [ba (E - Ecorr)] — eXp [bc (E - Ecorr)]}

fitting process was carried out with a precision of 98%.
Potential E and current density i are the known values in the
equation that are determined based on its fitting range. Thus,
E . i.ore b, and b, in each sample are obtained based on
the fitting curve. Corrosion potential E_ . of each sample
was measured based on the polarization curve. Also, the
fitting ranges were selected using MATLAB between 10 V
lower and 50 V higher than E_ . for the anodic branch and
between 10 V higher and 50 V lower than the corrosion
potential for the cathodic branch. Therefore, the best fittings
for anodic and cathodic branches were acceptable solutions
[45].

The corrosion inhibition efficiency factor is defined as:

I

PE% = ———==x 100, (D
corr

where igm is the corrosion current density (anodic or

cathodic) for the substrate (SS304L) an i __ is the corrosion
current density (anodic or cathodic) for the coated samples.

The fittings results for the SS304L, Mn/SS304L,
MnN (293 K)/SS304L, MnN (313 K)/SS304L, and
MnN,(333)/SS304L samples with the polarization curves
and the relevant values for the anodic and cathodic
branches in 0.6 M NaCl solution at different temperatures
are separately shown in Tables 4 and 5 where it is possible
to determine the stability and corrosion properties of each
surface based on the corresponding values of the current
density and the corrosion inhibition efficiency factor.

Moreover, the porosity of the sample (P) is obtained
based on Eq. (2):

R —( ALcorr
P=ﬁ><10<ba ) )
R
P
where R R, AE,., and b, are the polarization resistance

of the sample without coating, the polarization resistance
of the sample with coating, difference in corrosion potential

Table 4 Corrosion parameters

N X Sample Anodic

of the anodic branch of the

polarization curves for the Joow MA/CM?)  E.. (Vscp) b, (VH b (VH  PE% P

samples produced in this work

in 0.6 M NaCl SS304L 5.270 —0.200 0.354 0.164 - -
Mn(293 K)/SS304L 4.855 —0.528 59.800 57.200 7.87 0.115
MnN, (293 K)/SS304L 0.200 —-0.194 0.714 0.685 96.20 0.328
MnN, (313 K)/SS304L 0.455 -0.139 0.649 0.585 91.36 0.497
MnN, (333 K)/SS304L 0.794 —0.161 0.437 0.360 84.93 0.490
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Table 5 Corrgsion parameters Sample Catodic

of the cathodic branch of the

polarization curves for the Joorr (MA/cm?) E. (Vscr) b, (V7 b, (V7H PE%

samples produced in this work

in 0.6 M NaCl SS304L 6.300 —0.200 —0.065 0.223 -
Mn(293 K)/SS304L 3.521 —0.528 —63.450 —64.03 44.11
MnN, (293 K)/SS304L 0.240 -0.192 0.615 0.572 96.19
MnN, (313 K)/SS304L 0.420 —0.139 0.693 0.139 93.33
MnN,(333 K)/SS304L 0.774 —0.161 0.690 0.614 87.71

between the coated sample and the sample without coating,
and Tafel slope of the anodic branch of the sample without
coating.

Results in both of these Tables show that best perfor-
mance against corrosion is achieved for the MnN (293 K)/
SS304L sample (i.e., least value for the corrosion current
density and highest PE% value) while the corrosion cur-
rent density is increased and the PE% value decreased with
increasing the corroding medium temperature. This can be
related to the increase of porosity (Table 4) and the anodic
reaction speed [41, 42].

It is usually expected that the lowest corrosion current
density associated with highest corrosion potential, while
this is not the case in all cases and varies with the different
complex parameters involved in the system under examina-
tion. The small deviation from this is observed in our values
for corrosion potential (Tables 4, 5) which can be assumed
negligible because the current density is the critical param-
eter for evaluating the corrosion resistance of materials, and
the lower this value, the better corrosion resistance (consid-
ering that corrosion potential does not change significantly)
(Tables 4, 5) [46]. The E_,,,. values cannot give any specific
information about the corrosion trend [47]. On the other
hand, there may have formed a passive layer on the surface
of the sample at annealing temperature of 293 K [48].

EIS analysis

A common mechanism in corrosion is the atomic, molecu-
lar, or ionic transmission that occurs in the interface of the
substance-environment. The mass transmission through the
interface with the environment can be conceptualized as
an electrochemical, chemical, or physical property. Since
electrochemical corrosion involves releasing ions into the
environment and movement of electrons in the substance,
this mechanism can take place only when the environment
contains ions or electric conductive compounds.

The most important electrochemical mechanism is the
simple corrosion in aquatic medium where atoms at the
metal surface are released into the solution in the form of
ions and the metal electrons are transferred to locations
where they are consumed by the particles in contact with
the metal, maintaining the reaction process. The ions form

a layer with positive charge on the metal surface while elec-
trons form a layer or negative charge in the metal. This phe-
nomenon creates an extra electrical layer which, as an elec-
tric force prevents further dissolution of the metal. This extra
layer which is formed as a result of the electrical charge
separation is similar to a charged capacitance. A difference
in electric potential is created between the two layers with
an electromotor force (EMF) based on Eq. (3):

Q=CV, 3)

where Q is the electric charge, C is the capacity that deter-
mines the characteristics of the electrode, and V is the result-
ing EMF in volt. Here, V is the absolute electric potential
of the electrode relative to a reference electrode. Although
there is electrical resistance at the solution-metal interface
but there is an electric current transfer through it too. There-
fore, the system can be depicted as an electric circuit consist-
ing of a capacitance parallel with a resistance (Ry) called
Faraday resistance which is not ohmic and poses resistance
against the passage of the probable current. Consequently,
when the electrical charge changes by dQ the electrical
potential should change by dV, and the differential electric
capacitance can be defined as:

Ca = av’ 4)

This parameter shows the capacity of an interface for stor-
ing electrical charge. Therefore, Cy and Ry, are the two main
characteristics of the system.

The complex impedance diagram, i.e. the imaginary part
of the impedance is a function of its real part, in the form
of a semi-circle. However, in most cases, the impedance
semi-circles resulting from the experimental findings are in
the form of compressed semi-circles. Therefore, the con-
stant phase element (CPE) must be used instead of an ideal
capacitor. The impedance of this electrical element with a
constant phase is determined using Eq. (5):

Zepg = [Yo(fw)n]_l’ )

where co(rads_l ) is the angular frequency, Y| is the constant
value of CPE or admittance, j is the imaginary unit, and 7 is
the surface uniformity coefficient. For a smooth surface, n
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may be assigned as unity, while rough surfaces have lower
values. A Warburg impedance is usually used instead of a
CPE when n=0.5.

The relationship between Y, and Cg is obtained from
Eq. (6):

Cdl = YO (a)max)n_l’ (6)

where w,,, is the angular frequency of the point where the
imaginary component of the impedance is maximum [49,
50].

The corrosion inhibition enhancement factor () is
defined as:

Rp(film) — R,

n(%) = Rp(film)

% 100, @)
where Rp and Rp(film) are polarization resistances of
uncoated SS304L and treated Mn/SS304L samples
respectively.

Formation of a tiny capacitance loop (semi-circle) show-
ing resistance in the coating is related to a new interface
between the metal and electrolyte which is caused by the
penetration of the electrolyte through the porosity and sur-
face openings of the coating. Besides, a new electric double
layer is created between the metal and electrolyte at some
regions of the metal surface and as a result, another capaci-
tance loop (semi-circle) is formed at lower frequencies
showing resistance of charge transfer. Increased diameter
of the semi-circle indicates improved resistance against cor-
rosion and is a criterion for measuring the corrosion resist-
ance of the system.

In Fig. 5 the large diameter of the semi-circle for
MnN,(293)/SS304L sample indicates the stability of this
sample compared to the other samples. As seen, sam-
ple MnN (313)/SS304L at lower frequencies still has not
achieved the resistant state although regarding the val-
ues obtained from the polarization graph and considering
increased speed of corrosion with an increase in the tem-
perature, the sample’s resistance is expected to reduce in
comparison with MnN (293)/SS304L sample. Therefore,
based on the study [51], this can be attributed to the mini-
mum depression of Cy; in the sample.

The impedance spectrum was modeled using Zview
software with a circuit composed of resistors and a capaci-
tance. According to Fig. 6a, the equivalent circuit that best
fits SS304L sample in 0.6 M NaCl solution, has one time
constant. In the graphs with a time constant there is only
one interface between the electrolyte and the sample. In this
circuit, Rg, Cy, and R, are the resistance of the solution, the
capacitance of the double layer of solution-substrate inter-
face, and the resistance of the charge transfer in the solution-
substrate interface, respectively.
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Fig.6 The equivalent electrical circuit corresponding to

a SS304Lwith a single time constant and b Mn(293 K)/
SS304L, MnN,(293 K)/SS304L, MnN,(313 K)/SS304L and
MnN, (333 K)/SS304L with two time constants

As Fig. 6b shows the equivalent circuit that corresponds
to Mn(293)/SS304L, MnN (293)/SS304L, MnN (313)/
SS304L and MnN,(333)/SS304L samples have two time
constants. In this circuit, Rg, Cy, Ry, C,ope and R, are
resistance of the solution, capacitance of the solution-sub-
strate interface double layer, resistance of load transfer in
the solution-substrate interface double layer, capacitance
of the solution-Mn coating interface double layer, and the
resistance of the coating layer resulted from the pores and
defects, respectively.

Comparison of the values for the resistance of the coatings
deposited on the substrates, R, it can be deduced that the
porous coating because of its heterogeneous structure and
non-adhesion nature of the coating-substrate interface has a
negligible resistance. Therefore, the main part of the resist-
ance on the surface of the samples coated with manganese
and manganese nitrate is related to the compressed internal
layer which acts as a shield against the corrosive medium and
improves resistance against corrosion in the sample.

Since the capacitance of the double layer depends on
the value of the electric charge on the surface, lower val-
ues of Cy show lower charge density. The Electrochemical
parameters obtained from simulation procedure using Zview
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program for all the samples examined in this work are given

in Table 6.

The more precise analysis may be obtained from the Bode
and Phase diagrams. Generally, the time constant at high
frequencies is related to the presence of pores and defects in

the coating of the substrate while at lower frequencies it is

attributed to the metal-electrolyte interface [52-55]. Analy-

sis of Bode and Phase diagrams based on the number of time
constants (peaks) and also the capacitance and resistance
regions. Results are given in Fig. 7. As Table 7 suggests, the

Table 6 Electrochemical parameters of uncoated SS304L and Mn/SS304L sample and Mn/SS304L samples annealed with flow of nitrogen and
subjected to corrosion test in 0.6 M NaCl solution at different temperatures, obtained from simulation procedure using Zview program

Sample (NaCl) R ohmcm?  C,,/ohm/em®s  n, Ry, ohm cm? Cyfohm/cm? s n, R, ohmcm? Ry, n(%)
SS304L 33.28 - - - 1.04x10° 066 2017 2050.28 -
Mn(293 K)/SS304L  10.27 2.1x107 0.78  12.67 1.09%10° 072 2100 2122.94 4.52
MnN (293 K)/SS304L 23.09 2.5%107 043  24.87 1.1x10° 038 21,370 21,394.87  90.57
MnN (313 K)/SS304L 10.14 22x107 0.72 27.56 14x107 051 20,000 20,027.56  89.92
MnN (333 K)/SS304L 23.12 22x107 0.76  15.09 15%x10% 059 8300 8315.09 75.74
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Fig.7 Bode and phase diagrams for the samples a SS304L, b Mn(293)/SS304L, ¢ MnN, (293)/SS304L, d MnN (313)/SS304L and e
MnN,(333)/SS304L in a 0.6 M NaCl elctrolyte at different temperatures

Table 7 Resistances of the samples from the Bode diagrams and their comparison with those in Table 6

2

Sample Log(R,,R,,) ohm cm® R,,R,, ohm cm? R, ohm cm
Log(R,,R.,) ohm cm?

SS304L 3.30 1995.26 2050.28

Mn(293 K)/SS304L 3.35 2238.72 2122.94

MnN,(293 K)/SS304L 3.90 7943.28 6422.96

MnN,(313 K)/SS304L 3.70 5011.87 6037.70

MnN,(333 K)/SS304L 3.40 2511.88 5338.12
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results of Bode and Phase diagrams are in good agreement
with Nyquist curves and the difference in the values obtained
for MnN (313 K)/SS304L and MnN (333 K)/SS304L is an
indication that the Bode diagram at low frequencies is still in
a capacitance state and has not reached the resistance state.

Kramers-Kronig transformation

It is imperative to verify the trustworthiness of the imped-
ance data before analyzing and modeling the experimental
results. A common mathematical approach to verification of
these data is Kramers—Kronig transformations [56, 57]. The
obtained impedance is verified provided that the following
conditions are met:

e Linearity The obtained impedance should not vary with
the 12 of the value of AC signal amplitude.

e Causality The system’s response must be determined
based on the disturbance of the applied potential and
must be related to the input values only.

e Stability Stability of a system is determined with refer-
ence to its response to the system inputs. When an exter-
nal force is applied to a stable system, removing the force
returns the system to its original state.

e Finiteness The real and imaginary components of the
impedance should be finite in all frequency ranges
0<w<oo.

Generally, in Kramers—Kronig transformations Eqgs. (9)
and (10) are used to calculate the real and imaginary com-
ponents of the experimental data on the electrochemical
impedance [58-61].

(e Z// _ Z//
2 Tx() - ol (@) |

Z@=Z @)+ = ©)
oozl _ Z/

Figure 8 shows the fitting of Kramers—Kronig transfor-
mations on Nyquist curves for all samples considering both
“real to imaginary” and “imaginary to real” parts. It can be
seen that good fit is obtained for all the samples which pro-
vides conditions to obtain the value of the real impedance
for these samples.

FESEM analysis of samples after corrosion

Figure 9 depicts the FESEM images of the samples after
corrosion test. Large cracks at grain boundaries of the un-
annealed sample (Mn/SS304L) may be attributed to the
possible defects in these regions. Corrosion started from
these sites growing along the grain boundary. Moreover,
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Fig.8 Kramers—Kronig transformation of the real and imaginary
elements of impedance for uncoated a 304L, b Mn(293)/SS304L,
¢ MnN,(293)/SS304L, d MnN,(313)/SS304L and e MnN,(333)/
SS304L samples

the grain surfaces are characterized in terms of hillock
patterns which may be resulted from corrosion at the
porous structure of the deposited layer (see the tapered
structure in Fig. 3). This is observed in the inset image in
Fig. 9a. When the annealed sample at 723 K was analyzed
in the corroding medium at 293 K (MnN (293 K)/SS304L)
(Fig. 9b, almost no cracks (or cracks with much narrower
width than that in the un-annealed sample (Fig. 9a) were
found on the surface of the sample during corrosion test.
On the other hand, a more uniform surface was observed
which shows improved resistance to corrosion at 293 K
corroding medium temperature (MnN, (293 K)/SS304L)
(Fig. 9b).Cracks started to emerge and uniformity of the
surface decreased at 313 K and 333 K corroding medium
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Fig.9 SEM micrographs for a
Mn/SS304L, b MnN,(293 K)/
SS304L, ¢ MnN (313 K)/
SS304L, and d MnN,(333 K)/
SS304L after corrosion in 0.6 M
NaCl solution

temperatures((MnN,(313)/SS304L) and (MnN,(333)/
SS304L) (Fig. 9c, d). Findings of the FESEM analysis
are consistent with those obtained from electrochemical
analysis discussed in the preceding sections.

Anti-corrosion mechanism of the Mn-nitride
coatings

As mentioned in the introduction (Sect. 1) three mechanisms
of inhibitive effect, galvanic (sacrificial) protection and bar-
rier protection [50, 62] may be involved in the enhancement
of corrosion resistance of ceramic (metallic nitrides/oxides).
In the latter mechanism, the low permeability of the coating
leads to the prevention of direct contact between the corro-
sive electrolyte and the electrode surface. Figure 10 shows
the schematic of the protection mechanism of the Mn-nitride
coatings.

As is depicted in Fig. 10a, iron atoms on the surface
of steel substrate react with the chlorine ions dissolved
in the corrosive electrolyte and release into the electro-
lyte as iron chloride resulting in pitting corrosion. The
production of the latter reaction (FeCl,) reacts with water
molecules and convert to rust (Fe(OH),) and HCI. The
decrease of pH inside the pits (due to the production of
HCI in the latter reaction) causes further acceleration of
the corrosion process. By applying the Mn-nitride ceramic
coating on the stainless steel substrate a compact barrier
formed against the corrosive species (i.e., chlorine ions),
and so the substrate is protected by coating through bar-
rier protection mechanism. Considering the fact that the
barrier mechanism mainly depends on the permeability of
the coating, the presence of micro cracks on the thin film
leads to a decrease in the anti-corrosion performance of
the system. Therefore, as seen in Fig. 9, the formation of

Fig. 10 Schematics of a corro-
sion reactions of stainless steel (@)
in CI” containing corrosive
solution and b anti-corrosion
performance of the manganese
nitride coating on the stainless 9

(NaCl)

Corrosive electrolyte (b)

Fe*+2Cl" = FeCl, G
Fe

Cl, + 2H,0 = Fe(OH), + 2HCI /

Corrosive electrolyte
(NaCl)

steel substrate

Stainless Steel 304L ‘ g

Stainless Steel 304L
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micro cracks on the Mn-nitride thin films by increasing the
electrolyte temperature can lead to a negative effect on the
anti-corrosion performance of the coating.

Summary and conclusions

1. The findings of XRD, AFM, and FESEM analyses indi-
cate the formation of a manganese nitrate nano-layer
deposited on the SS304L substrate.

2. Analysis of polarization for investigation of the sam-
ples’ resistance against corrosion in the 0.6 M NaCl
solution at different temperatures showed that sample
MnN, (293 K)/SS304L had the lowest corrosion current
density and the highest level of resistance against cor-
rosion.

3. Results of EIS and Bode and Phase analyses revealed
that MnN, (293 K)/SS304L had the highest level of
resistance while the lowest level of porosity.

4. Results of Kramers—Kronig transformations also con-
firmed the veracity of the data obtained from the other
analyses.

It is therefore concluded that deposition of Mn on a
SS304L substrate and annealing with nitrogen flux sig-
nificantly improves the SS304L resistance to corrosion
in a 0.6 M NaCl electrolyte at 293 K. Besides, due to the
increased speed of reactions, raising the temperature of the
solution reduces the resistance of the surface against cor-
rosion. Moreover, grain boundaries, pores, and defects on
the surface in sample MnN (293 K)/SS304L are reduced to
the lowest level and this prevents the excessive penetration
of the electrolyte into the metal. Therefore, the sample has
shown the highest level of stability phase and resistance in
this study.
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