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Abstract

A method for enhancing the resistance against corrosion of stainless steel 304L coated with 190 nm-thick manganese film and
annealed with nitrogen flux at constant temperature (723 K) is reported. The variable quantity in this work is the temperature
of the corroding solution (293 K and 333 K). X-ray diffraction analysis was employed to investigate the crystallographical
changes of the annealed samples; atomic force microscope and scanning electron microscope were used for the morphology
and studying the roughness of their surfaces; polarization analysis, electrochemical impedance spectroscopy, and phase and
Bode diagrams, as well as the Kramers—Kronig transformation, were employed to study the susceptibility of the samples to
corrosion, at temperatures 293 K and 333 K in 0.4 M H,SO, solutions. Our results, from all the above analyses, unanimously
point to the fact that in the process of enhancing resistance to corrosion, the annealing stage is the most crucial for improving
the coating and the crystal structure of the samples and that the adsorption of Mn is not sufficient for the enhancement of
the surface layer. Moreover, it was observed that increasing the temperature of the solution decreases the resistance of the

samples owing to an increase in the rate of corrosion.

Keywords Corrosion - Stainless steel 304L - Mn - Polarization analysis - Electrochemical impedance spectroscopy

Introduction

There are several types of widely used stainless steel with
different chemical compositions including austenitic, ferri-
tic, martensitic, duplex, and precipitation-hardened stainless
steel [1]. Austenitic stainless steels (with face-centered cubic
structure) have been extensively employed in many industries
such as food, pharmaceutical, and chemical industries due
to their excellent corrosion resistance and good mechanical
properties [2, 3]. The stability of the austenite phase at low
temperatures is achieved with the addition of nickel. They can
be divided into three groups: common chromium-nickel (300
series), manganese-chromium-nickel-nitrogen (200 series),
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and specialty alloys. The most widely used austenitic stain-
less steel is type 304 and 304L. The composition of the 304
stainless steel (also known as “18-8” stainless steel) includes
18 percent chromium and 8 percent nickel [4]. Type 304L
stainless steel has lower carbon content (about 0.03%) than
the 304 steel alloy (about 0.08%) which leads to decrease
in deleterious or harmful carbide precipitation as a result of
welding. It is well-known that a passive film formed from
a mixture of iron and chromium oxides/hydroxide on the
electrolyte/electrode interface leads to decrease in the elec-
trode corrosion rate in corrosive media [5]. However, some
techniques such as using from corrosion inhibitors [6—10],
alloying elements [11-13], and organic [14—16] or inorganic
[17-20] coatings have been proposed by many researchers
to enhance the corrosion resistance in corrosive solutions.
Organic/inorganic coatings can decrease the rate of sub-
strate metal corrosion by three basic protective mechanisms:
(1) barrier protection, (2) inhibitive effect in active coatings,
and (3) sacrificial protection by galvanic effect [21]. The
barrier coatings postpone the corrosion process by acting as
a barrier to penetration of water, oxygen, and corrosive ions
from the environment. Although the high concentrations of
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Mn in the matrix of stainless steels may lead to increase in
the susceptibility to localized corrosion due to the formation
of MnS impurities on the passive layer [22, 23], Mn-based
coatings can effectively improve the corrosion resistance of
the steel substrate by the barrier and sacrificial mechanisms.

Grayeli-Korpi et al. [24] studied the effect of Mn coating
and subsequent annealing with a flow of nitrogen on the
corrosion behavior of stainless steel-type AISI 304 in 0.6 M
NaCl solution. Their results showed that the Mn-nitride
coating improved the corrosion resistance of the stainless
steel substrate in the saline solution by forming an effective
barrier between the substrate and the corroding medium. In
another research, Savaloni et al. [25] investigated the corro-
sion resistance of AISI 316L-type stainless steel coated with
a Mn-oxide coating with 300 nm thickness in 0.3, 0.5, and
0.6 M NaCl solutions. Their results showed that the corro-
sion resistance of coated samples in different saline solutions
is improved relative to the bare samples. Miinz et al. [26]
reported an improvement in the anti-corrosion properties
of Zn/Mn multilayer coatings and resulted that the forma-
tion of Zn—Mn and y-Mn,0O; components suppressed oxygen
reduction at the cathode, slowing the corrosion process. In
another work by Wiman et al. [27], the effect of the current
types (AC, DC, or AC + DC) on the phase structure, surface
morphology, and anti-corrosion properties of electrodepos-
ited Mn—Co coatings on AISI 430 was investigated. Their
results indicated that the (Mn,Co,_,);0, coating exhibited
the protective effect against oxidation of the steel. However,
to the best of our knowledge, there is no report on the use of
Mn-based coating on the corrosion inhibition of 304L-type
stainless steel in H,SO, solution at the time of submission
of this manuscript.

The influence of nitrogen dissolved in different types of
stainless steel on the corrosion resistance of the systems in
corrosive aqueous solutions is reported by few research-
ers. Lei et al. [28] reported that the thickness of passive
film produced on a nitrogen-treated austenite stainless steel
was significantly more than that of original stainless steel.
Levey et al. [29] showed that nitrogen reduces the galvanic
effects between the ferrite and austenite phases, hence
reduces the general corrosion rate. Feng et al. [30] investi-
gated the effect of nitrogen content on the corrosion behavior
of martensitic stainless steel and showed that the nitrogen
atoms can improve the corrosion resistance of the stainless
steel by conversion of the main precipitates from M,;C, to
M,N. Loable et al. [31] showed that there is a synergetic
effect between molybdenum and nitrogen on the localized

corrosion resistance of austenitic stainless in different pHs.
Their electrochemical results proved that the potential of
passive film breakdown increased upon the addition of
nitrogen.

In this study, the effect of a 190 nm Mn-nitrogen layer on
the corrosion protection performance of the 304L stainless steel
is studied in 0.4 M H,SO, solution at different temperatures
(293 K and 333 K). X-ray diffraction (XRD), atomic force
microscope (AFM) and scanning electron microscope tests are
employed to analyze the crystallographic structure and surface
roughness of the coated samples, respectively. Electrochemical
measurements (polarization and impedance spectroscopy) were
conducted to investigate the corrosion behavior of the bare and
Mn-nitrogen-coated 304L stainless steel in 0.4 M H,SO,.

The results of EIS and polarization measurements
showed a possible corrosion inhibition enhancement fac-
tor (7% =98%) and a corrosion inhibition efficiency factor
(PE%=97%), respectively, in the best sample. The surface
morphology of the samples was measured using atomic
force microscopy (AFM), while X-ray diffraction (XRD)
study of the samples provided the crystal structure. Kram-
ers—Kronig transformation analysis of the results confirmed
the EIS data [24, 25].

Experimental conditions

Samples of (21 mm X 21 mm X 1 mm) stainless steel 304L.
were acquired to be used as the substrate. X-ray fluorescence
(XRF) analysis was then used to determine the chemical
composition of stainless steel 304L samples. The carbon
content of which was determined by the CS-2000 device,
Table 1.

In order to protect the sample surfaces from oxidation
and mechanical damage, they were originally covered with
a polyethylene foil which was carefully removed by immers-
ing the samples in ethanol for several days. All the sub-
strates were then treated ultrasonically in heated acetone
(CH;COCH;) and heated ethanol (C,H;OH), for 15 min or
more until the substrates were thoroughly cleaned, respec-
tively. The deposition of Mn (97.99% purity) on 304L-type
stainless steel substrates was performed using an electron
gun at room temperature. Schematic diagram of the deposi-
tion operation is shown in Fig. 1.

The deposition operation was implemented using the (in-
vacuum) vaporizing device (Model E19A3Edwards, Eng-
land). The deposition rate was measured by the quartz crystal

Table 1 Chemical composition

. . Sample Element (wt%)
of stainless steel 304L used in
the present study A% Cr Co Ni Mo C
SS 304L 0.061 14.293 0.202 5.699 0.087 0.024
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Fig.1 Schematic diagram of the deposition process

controller (Sigma Instruments, SQM-160, USA) which was
situated near the substrate. In this deposition operation, the
values obtained for pressure, thickness, and growth rate are
presented in Table 2.

The annealing operation, on the samples Mn/SS304L, was
carried out with a 300 sccm flow of nitrogen gas (99.999%
purity) using a horizontal tube furnace (Exciton, 1200-30/6,
T.H, Iran equipped with a Shinko temperature programmable
controller PCD 33A) at a constant temperature (723 K).The
annealing process was carried out in three stages: First, the
samples were heated to a temperature of 723 K for 2 h. Then
they were, together with the nitrogen flux, kept at this tem-
perature for 6 h. Finally, they were allowed to cool down for
10-12 h until they reached room temperature. Figure 2 depicts
the process of cooling of the sample as a function of time.

Temperature is the important quantity in this process, for
it is at temperatures above 700 K that austenitic stainless steel
samples decompose along grain boundaries and the carbon
content of the steel reacts with chromium to form chromium
carbide, thus decreasing the chromium content near the
boundaries and increasing the likelihood of grain boundary

Table 2 Pressure, thickness, and growth rate of manganese on the
SS304L

Sample Pressure (mbar) Thickness (nm) Growth rate (A S71)

Mn/SS304L 5x 1077 190 0.6

800

700:
600:
— 500:
= 400:
300:

200 1

100 4

8 10 12 14 16 18 20
t(h)

Fig.2 Cooling of the samples

corrosions. This process is referred to as the “sensitization of
stainless steel.”

Each sample was studied and measured grain sizes were
measured using crystallography—XRD analysis (X-Ray Dif-
fractometer with STADI MP—STOE)—with Cuka source
and step size of 0.02° and count time of 1.0 s per step.
Also, AFM analysis (NT-MDT Scanning Probe Micro-
scope, TS 150) and SEM (FEI NOVA NanoSEM450) were
employed to investigate surface morphology and roughness
of each sample.

EIS measurements were performed with a potentiostat
coupled to a PC (Ivium, De Zaale 11, 5612 AJ Eindhoven,
Netherlands) with reference to the open circuit potential
(OCP) in the frequency range of 100 kHz to 0.01 Hz with
a voltage amplitude of 10 mV. These measurements were
performed on 1 cm? surface area of the samples. The refer-
ence electrode in this analysis was an Ag/AgCl (saturated
KCl, +0.197 V vs. standard hydrogen electrode potential)
electrode, while the auxiliary electrode was a Pt electrode.
The test sample was used as the working electrode and was
mounted in a polyamide (inert) fixture to enable the attach-
ment of an electrical contact to the sample without undesir-
able effects. Prior to the EIS test, samples were immersed in
the 0.4 M H,SO, (corroding medium), and the OCP meas-
urement was performed until it stabilized and continued to
be stable for at least 50 min. Measurements were carried
out at the desired temperatures (293 K and 333 K) and hav-
ing achieved equilibrium at each of these temperatures, the
main part of the experiment was performed. Throughout the
polarization analysis and electrochemical impedance spec-
troscopy, the temperature of the corroding medium was kept
constant. EIS data were fitted by equivalent electric circuits
using ZView version 3.1 ¢ software.

In order to apply the polarization potential to the sample, a
copper wire was contacted to the back side of the sample which
was mounted in the polyamide fixture. In this measurement
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setup, an Ag/AgCl electrode and a Pt electrode were also used
as the reference and the counter electrodes. The potential was
swept with a rate of 1 mV s™! to cover a range of about 3 V
(=1.5Vto+1.5V) for each sample, starting from —1.5 V
versus OCP. In order to ascertain the validity of the results, the
electrochemical tests of all samples were repeated three times.

The corrosion current density, i, and the corrosion
potential, E_ ., were calculated from the Stern—Geary equa-
tion: i=i  [exp{b,(x—E,,)} —exp{b.(x—E_,.)}] and fit-
ting the polarization curve for each sample to the anodic
and cathodic branches separately, using MATLAB, hence
determining the rate of corrosion and the resistance to cor-
rosion for each sample.

Results and inferences

AFM analysis

As shown in Fig. 3, surface morphology was conducted on
1 pm? of each sample. The values obtained for grain size

Fig.3 2D and 3D images (a)
obtained from AFM on

a SS304L, b Mn/SS304L, and
¢ MnN,/SS304L

(D spm)» average surface roughness (R,,.), and root-mean-
square surface roughness (R,,,,) of samples SS304L, Mn/
SS304L, and MnN,/SS304L are presented in Table 3. Based
on these experimental results, it can be inferred that in the
deposition process, the average roughness of the surface
and the grain sizes increase, whereas in the annealing pro-
cess with nitrogen, the average roughness of the surface
increases due to the increase in the solubility of nitrogen in
the manganese coating, but the grain sizes decrease owing
to the fact that at certain points in the annealing stage, the
nitrogen flux can cause grain fracture, thus decreasing the
grain size [32].

Table 3 Grain size and surface roughness for samples fabricated on
the stainless steel 304L

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

15

nm

0 2 4 6 8 10 12 14 16 18 20
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XRD analysis

XRD diagrams of the samples, (a) SS304L, (b) Mn/SS304L,
and (c) MnN,/SS304L, are illustrated in Fig. 4. Results from
XRD analysis are presented separately in Table 4, in accord
with the standard cards JCPDS.

The results for SS304L are the following peaks at angles
44.426°, 51.581°, 75.477°, and 91.432°, corresponding to
v-Fe(111), y-Fe(200), y-Fe(220), and y-Fe(311), respec-
tively, in accord with the JCPDS card (00-003-0397).

For the Mn/SS304L, the following peaks are observed:
Mn(330) at angle 42.923° in accord with the JCPDS card
(00-003-0992), MnO,(140) at angle 43.710° in accord with
the JCPDS card (00-007-0222), Mn(222) at angle 50.722° in
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Fig.4 XRD diagrams for a SS304L, b Mn/SS304L, and ¢ MnN,/
SS304L

accord with the JCPDS card (00-003-1014-), MnO(222) at
angle 74.690° in accord with the JCPDS card (00-003-1145),
and Mn;0, (433) at angle 90.788° in accord with the JCPDS
card (00-016-0154).

The XRD pattern of MnN,/SS304L sample shows the
following peaks: Mn;0,(103) at angle 32.263° in accord
with the JCPDS card (00-016-0154), Mn;N,(105) at angle
43.424° in accord with the JCPDS card (01-081-0300),
Mn(222) at angle 50.722° in accord with the JCPDS card
(00-003-1014), Mn,N at angle 74.679° in accord with
the JCPDS card (00-003-1163), and Mn;0,(433) at angle
90.717° in accord with the JCPDS card (00-016-0154). In
the annealing process, the increase in the width of the peak
of Mn(222) and the formation of Mn;0,(103) cause the
Mn(222) peak intensity to reduce relative to its value before
annealing.

FESEM analysis

Figure 5 shows the surface and cross-section images of the
Mn/SS304L sample before annealing process. On the sur-
face of this sample (large-scale image), some lined cracks
can be seen, while finer valleys (cracks) also are visible
on the small-scale image (inset). The cross section of this
sample was prepared by careful scratching of the surface
and seeking for undamaged parts as shown in Fig. 5b. The
tapered (fine columns) can be observed on the wall of cross
section (inset of Fig. 5b).

The FESEM images of the samples after corrosion test
are given in Fig. 6. The un-annealed sample (Mn/SS304L)
shows large cracks at grain boundaries which can be the
result of possible defects in these sites. Hence, corrosion
started from these defects and grew along the grain bound-
ary. In addition, it can be seen that the surface of grains are
showing hillocks pattern which can be as result of corrosion

Table4 XRD analyses Sample 20)° h-k-1l Empirical formula (20)° Reference code
of SS304L, Mn/SS304L, and °Xp
MnN,/S5304L SS304L 44.426 111 Fe 00-003-0397 (43.583)
51.581 200 Fe 00-003-0397 (50.792)
75.477 220 Fe 00-003-0397 (74.699)
91.432 311 Fe 00-003-0397 (90.697)
Mn/SS304L 42.923 330 Mn 00-003-0992(43.038)
43.710 140 MnO, 00-007-0222 (43.917)
50.722 222 Mn 00-003-1014 (50.674)
74.690 222 MnO 00-003-1145 (74.679)
90.788 433 Mn;0, 00-016-0154 (90.676)
MnN,/SS304L 32.263 103 Mn;0, 00-016-0154 (32.292)
43.424 105 Mn;N, 01-081-0300 (43.157)
50.722 222 Mn 00-003-1014 (50.674)
74.679 - Mn,N 00-003-1163 (74.679)
90.717 433 Mn,;0, 00-016-0154 (90.676)
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Fig. 5 FESEM micrographs for: a surface of Mn/SS304L and b cross section of Mn/SS304L before annealing process

at the porous structure of the deposited film (referring to the
tapered structure in Fig. 5). This can be seen on the inset
image in Fig. 6a. When the sample annealed at 723 K and
examined in 293 K, corroding medium, (MnN,293/SS304L)
(Fig. 6b) almost no cracks (or cracks with much narrower
width relative to the un-annealed sample (Fig. 6a), can be
observed on the surface of the sample after corrosion test,
while more uniform surface is also formed, hence showing
improved corrosion inhibition. At 333 K corroding medium
temperature (MnN,(333)/SS304L) (Fig. 6¢), the cracks
are again started to form and uniformity of the surface is
decreased. The results obtained from the FESEM analysis
are consistent with those obtained from electrochemical
analysis discussed in the following sections.

The energy dispersive spectroscopy (EDS) spectrum of
Mn/SS304L sample as a typical result is given in Fig. 7
and Table 5. This figure and the table clearly show the high
intensity peaks for Mn and oxygen which confirm the forma-
tion of Mn-oxide result discussed in the XRD section (Fig. 4
and Table 4).

Polarization analysis

The polarization curves of the samples produced in this work
and immersed in 0.4 M H,SO, solution at different tem-
peratures have been studied. Irregularities in the corrosion
process may be attributed to the formation of oxide layers
(such as manganese oxide), or certain reactions causing the
generation of double layers, or such effects as might tempo-
rarily slow down the corrosion process [33].

As shown in Fig. 8, in the polarization curve of SS304L
sample, there exist a passive potential Ep=—0.250 V and
a passive current density ip=—0.500 mA cm~2 which
upon the application of an anodic polarization of —0.08 V
switches to the trans-passive regime and the surface of the
layer becomes unstable. In Mn/SS304L, the layer’s passive
potential and the trans-passive potential are 0.810 V and

@ Springer

1.342 V, respectively. Thus, comparing the passive inter-
vals of the two samples, it is seen that the principal surface
layer becomes more corrosion resistant after Mn is deposited
on the substrate. The low resistance of this sample may be
caused by the inhomogeneities and the absence of bond-
ing at the boundary between the porous and the compressed
layers. The heating operation gives rise to a passive layer
potential range of 0.08-0.463 V for the MnN (293)/SS304L,
while the corresponding range for MnN (333)/SS304L is
negligible. The rise in temperature of the (ambient) corro-
sive solution has a marked impact on the cathodic reaction;
it clearly increases the cathodic currents. Temperature is
also directly correlated with corrosive reactions, increasing
anodic disintegrations, since the intensity of anodic currents,
too, increases at higher temperatures [34, 35]. The cathodic
branch of MnN,(293)/SS304L is in a lower current density
in comparison with other samples. Given the direct correla-
tion between the current density and the rate of corrosion, it
can be concluded that this sample has a lesser rate of corro-
sion and is accordingly more resistant to it.

Increasing the corrosion inhibitors, namely Mn, in the
first stage and nitrogen, in the second stage, dramatically
increase the resistive properties of the samples against cor-
rosion, implying that nitrogen has formed a strong bonding
with the Mn/SS304L substrate resulting in the enhancement
of the samples after annealing. The contents of the solution,
too, can play a major role in the interdependence of corro-
sion potential and the corrosion current density.

The Stern—Geary equation, i =i .. [exp{b,(E—E,)} —
exp{b.(E—-E.,,)}] was applied on the anodic and cathodic
branches of the polarization curve of each sample [36].

The known quantities are E and i which are determined in
each branch according to the fit interval. The other quanti-
ties, E o Ioom Dy and b, are obtained from the best fitted
curve. The evident similarity between curves for different
coated samples can be attributed to the oxide nature of the
coatings, but the discrepancy in the trial parameters, such as
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Fig.6 SEM micrographs for: a Mn/SS304L, b MnNx(293)/SS304L,
and ¢ MnNx(333)/SS304L, after corrosion in 0.4 M H,SO, solution

corrosion current density (i), corrosion potential (E,,,),
and anodic and cathodic Tafel slopes (b,, b,) may be due to
differences in surface morphology and phase structure of
the coatings.

Our methodology is as follows: First the value of E_, is
deduced from the polarization curve for each sample. Then,
using MATLAB, for the anodic branch, the interval from
(Eeorr— 10 V) to (E,,+50 V) and, for the cathodic branch,

the interval from (E_, .+ 10 V) to (E_,..—50 V) was selected.
Next, the resistance to corrosion efficiency (PE%) is

calculated from anodic and cathodic branches using anodic
and cathodic current densities in Eq. 1:

0 —i

PE% = w x 100 ¢))
lCOl‘I‘

where igorr is the corrosion current density (anodic or

cathodic) for the substrate (stainless steel 304L) and & is
the corrosion current density (anodic or cathodic) for the
coated samples.

Fits to the data of the polarization curves of the samples
and the calculated values thereof, with the resistance to cor-
rosion efficiency for each sample (as presented in Tables 6
and 7), for anodic and cathodic branches in the 0.4 M H,SO,
solution at different temperatures, are shown in Fig. 9.

In anodic and cathodic branches, the least current density,
and greatest resistance to corrosion efficiency (PE%), is that
of MnN,(293)/SS304L. Higher temperatures create holes
and gaps on the surface and increase the grain boundaries.
However, the corrosion resistance efficiency at higher tem-
peratures is higher than in the state when the sample is not
annealed. Therefore, annealing of the sample is the stage
that increases the resistance of the sample, and one can con-
clude that the highest state of resistance to corrosion for the
annealed sample occurs when the temperature of the cor-
rosive solution is not raised.

EIS analysis

Electrochemical impedance spectroscopy is one of the standard
means by which corrosion is studied. In this technique, a peri-
odic potential with a small amplitude of a few mV is applied,
over a wide spectrum of frequencies, in addition to a constant
DC potential, and the system’s impedance and the phase angle
of the impedance are examined. Electrical impedance is a meas-
ure of the resistance to a sinusoidally periodic current.

In an EIS analysis, the impedance, Z, and the phase angle
between the impedance and the applied potential are deter-
mined as a function of the applied frequency. In general,
impedance has two components: the real part which stems
from the resistors in the circuit and can only affect the ampli-
tude of the periodic wave; and an imaginary part due to
capacitors and inductors present in the circuit. The imagi-
nary part of impedance affects not only the amplitude but
also the phase of the periodic wave.

EIS consists of the application of small time-varying
potentials (with frequencies from 0.01 Hz to 100 kHz)
around E_ . (the corrosion potential), measurement of the
net circuit current (i.e., the difference between the total
currents due to oxidation and those due to reduction) I,
determination of the system’s impedance, Z, and finally, the
impedance phase, o.
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Fig.7 EDS spectrum of Mn/ 5 ”
n
SS304L sample 45 Fe
4

Counts

)y e Yoy

8 10
Energy (keV)
Table 5 EDS elemental analysis Sample Fe Mn Cr C Ni 0
(Wt%) for Mn/SS304L sample
Mn/SS304L 43.76 38.64 10.07 0.56 3.52 3.45
1.5 Capacitance corresponds to ions and polarized molecules
—— SS304L (H,S0,) in the electrolyte.
10 - Mn/SS304L Hence, having applied time-varying potentials and gen-
: = MnN, (293k)/SS304L . . .

X erating an initial current, after a steady state is reached,

w = MINN, (333k)/SS304L . e
O 5. no more currents are generated. The equivalent circuit is
(g ' Mn/SS304L, expressed in terms of the area of the working electrode.
; Impedance at maximum frequency indicates the resist-
o 001 MnN,(333k)/SS304L ance, R, of the solution because if the sinusoidal fre-
T MnN, (293k)/SS304L + quency in the circuit is too large, the capacitor charges
S 054 . and discharges so fast that it acts as a short circuit; there-
g fore, current flows through the branch associated with the
1.0 - capacitor and effectively sees no charge carrier resistance.
Thus, the only resistance to the flow of current is that of
15 the corrosive solution. Impedance at the lowest frequencies
“ 10 8 5 4 2 0 5 represents the sum of resistances of both the solution and

Log (Current density , i / mA.cm'z)

Fig.8 Polarization curves for SS304L, Mn/SS304L, MnN, (293)/
SS304L, and MnN (333)/SS304L in the 0.4 M solution of H,SO,

An electrochemical cell is modeled as an equivalent elec-
tric circuit each part of which is associated with a physical,
chemical, or electrochemical process occurring in the cell.

the moving charges and since the resistance of the solu-
tion is very much less than that of the coating; this total
resistance can be attributed to the coating alone, because
provided the frequency is very small, the capacitor in the
electrochemical circuit charges up fully within the very
first microsecond and practically stops the current flow in
its branch so that the current will flow through the solu-
tion resistor and the “charge transfer” resistor, in series,

Table 6 Current density and

. . . Sample Anodic

corrosion potential of the anodic

part of the polarization curve ior (MA cm™2) E.o:r Vscp) b, (V7hH b, (V™hH PE%

in 0.4 M H,SO, solution at

different temperatures SS304L 0.950 —-0.415 25.070 22.590 -
Mn(293)/SS304L 0.940 0.192 —57.300 —53.540 1.05
MnN(293)/SS304L 0.090 -0.479 3.434 0.115 90.52
MnN,(333)/SS304L 0.114 —-0.459 39.140 —46.430 88.00
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Table 7 Current density and

4 R Sample Cathodic
corrosion potential of the
cathodic part of the polarization foorr (MA cm™2) E.orr Vscp) b, (V7H b, (V™hH PE%
curve in a 0.4 M H,SO, solution
at different temperatures SS304L 0.696 —-0415 26.090 22.530 =
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Fig.9 Fitted curves corresponding to the polarization curves
and therefore the two simply add up. Thus, the greater the The impedance graph in the complex plane (i.e., its
diameter of the semicircle in the Nyquist plot, the greater ~ imaginary part versus the real part) is exactly semicircular.
the resistance to corrosion of the sample [21, 37]. However, most empirical impedance semicircles (obtained
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from experimental data) are “squeezed” semicircles which
do not lend themselves to equivalent RC circuit description.
In such cases, one usually invokes the constant phase ele-
ment (CPE) technique. This electric object’s impedance with
constant phase is defined according to Eq. 2.

Zepg = [Yo(jo)"] B @)

where @ (in units of rad s™') is the angular frequency, Y, is
the CPE admittance, j is the imaginary unit (square root of
1), and n is (in each case) a constant number having a value
between — 1 to + 1, depending on the surface roughness.
The numerical values 1, 0.5, 0, and — 1 for n correspond to
pure resistance behavior, Warburg element behavior, pure
capacitance behavior, and pure inductance behavior, respec-
tively. Y, and Cy, are related according to [38]:

Ca = Yo(wmax)n_l 3

where w,,, is the angular frequency at which the imaginary
part of impedance is maximum.

The corrosion protection efficiency, #, in electrochemi-
cal impedance spectroscopy (EIS) is obtained from Eq. (4),
where Rp and Rp(film) represent the charge transfer resist-
ance before and after adding the inhibitors to the corrosive
ambience:

Ry(film) — R

n%) = = fim)

x 100 4)

Porosity, P, of the sample may be calculated from:

P = E X 10_(%:")
RP

&)

where Ry is the sample’s polarization resistance without the
coating, Rp is the coated sample’s polarization resistance,
AE_ . is the corrosion potential difference of the sample
when it is coated and when it is not coated, and b, is the
Tafel slope of the anodic branch for the uncoated sample.
The impedance spectrum was modeled, using ZView, as a
circuit comprising a resistor, a capacitor, and an inductor.

At low frequency, the impedance spectrum for the sam-
ple Mn/SS304L has an inductive loop and for SS304L,
MnN _(293)/SS304L and MnN,(333)/SS304L, and it has a
capacitive loops.

The sample MnN (293)/SS304L in the 0.4 M sulfuric
acid solution has the greatest resistance to corrosion but
this resistance is greatly reduced at high temperatures, as
shown in Fig. 10.

Figure 11 shows the equivalent circuit corresponding
to SS304L, MnN,(293)/SS304L, and MnN (333)/SS304L in
the H,SO, solution, with a single time constant. Here, there
is only one contact between the sample and the solution, that
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Fig. 10 Nyquist curves and fits based on the equivalent circuits for
modeling the impedance data, in 0.4 M solution of H,SO, at different
temperatures

Rs Cal

Ret

Fig. 11 Equivalent circuit corresponding to SS304L, MnN, (293)/
SS304L, and MnN _(333)/SS304L, with a single time constant

is, the electrolyte is either in contact with the coating or with
the metal. The time constant is interpreted as a type of relax-
ation time of the points near the surface. These may be the
absorbed metal ions, dissolved metal sites, crystal lattice
defects, or holes generated on the surface.

In this circuit, Rg is the corrosive solution’s resist-
ance; Cy is the capacitance of the double layer (the solu-
tion—substrate interface); and R, is the charge transfer resist-
ance at the solution—substrate interface.

Figure 12 shows the equivalent circuit corresponding
to Mn(293)/SS304L, comprising a time constant and an
inductor. When an electrode is placed in an electrolyte,
its surface is severely corroded and the absorption and re-
absorption of the corrosion debris on the surface generate
an effective inductance. Thus, corroded manganese ions
enter the solution as manganese cations and the surface of
the electrode becomes negatively charged.

Thence, the manganese ions become attracted to the
metal surface and neutralize the latter’s negative charge,
while the manganese ions themselves become neutral
atoms again, and this process creates the inductive loop
in the circuit. At low frequency, the Nyquist plot for
Mn(293)/SS304L turns out to be a negative inductive



Journal of Theoretical and Applied Physics (2020) 14:21-35

31

Rs C‘}l

Rct
RL L

Fig. 12 Equivalent circuit corresponding for the sample Mn(293)/
SS304L in the 0.4 M H,SO, solution

loop corresponding to an inductor element L and an
inductive resistance R;. Thus, this inductive loop may
be attributed to metal dissolving reactions, formation of
Mn(OH), (which is the product of manganese corrosion
in sulfuric acid), and the absorption of the electrolyte’s
ionic species.

These processes lead to local corrosion of the surface
holes type. The impedance spectrum of each sample in
the sulfuric acid solution may include several inductive
loops where each inductive loop represents the substance
adsorbed on the surface.

In this circuit, Ry is the solution’s resistance; L is the
inductive element; R| is the inductor’s resistance; Cy, is
the capacitance of the double layer (the solution—substrate
interface); and R, is the charge transfer resistance at the
solution—substrate interface. Cy; is employed, in lieu of the
ideal capacitor, to treat the “depressing” of the capacitive
loop. This phenomenon is usually related to the inhomo-
geneities (roughness, cracks, and pores) of the coating
surface. When the sample is immersed in the corrosive
solution, the defects in the coating provide paths of infil-
tration for the solution into the sample [39, 40].

High surface porosity and holes with relatively large
diameters generate ways of infiltration of the electrolyte into
the substrate’s metallic surface. Therefore, the less porous
the surface, the higher its resistance to corrosion.

Thus, with the values obtained for the quantities in
Table 8, minimum Cy (a measure of surface porosity);
minimum amount of porosity, P; maximum resistance (to
corrosion) efficiency, n (%); and maximum resistance to

corrosion, are those corresponding to MnN,(293)/SS304L.
Raising the temperature, increases the rate of chemical reac-
tions on the sample’s surface, thus raising the porosity of the
sample and reducing the resistance and resistance efficiency.

Bode and phase diagrams

One of the essential parameters in the Bode diagram is that
of the capacitive region and the resistive region. The resist-
ance of a capacitor is a function of frequency. Therefore,
the impedance versus frequency curve cannot be horizontal.
However, the impedance of a resistor is not a function of
frequency; it remains constant at all frequencies and so its
curve is a horizontal line. The time constant for each such
curve can be determined from the number of peaks of the
graph of phase angle versus frequency [40, 41].

In general, the time “constant” at high frequency will be
related to the resistive behavior of the defects (holes, pores)
in the coating. At low frequency, the time constant is indica-
tive of the behavior of the intersecting layers, while inter-
mediate frequencies concern the inter-layers resistance. In
fact, as we approach the 90° angle, we increasingly observe
capacitor-like behavior and as the angle approaches 0°, the
behavior becomes resistor-like. The decrease in the intensity
peak of the phase diagram compared with other diagrams
may be due to charge transfer and lesser absorption of water
during immersion which would cause the system to deviate
from capacitive behavior and tend, rather, to the resistive
[42-44].

Figure 13 shows the analysis of the Bode diagram
(for evaluating the resistance of each sample) and of the
phase diagram (for evaluating the number of peaks) in the
0.4 M H,SO, solution at different temperatures (Table 9).

It is to be noted that the resistance deduced from the
results of the Bode diagram and that deduced from the
Nyquist curve are entirely consistent. The Bode diagram
too shows the sample MnN (293)/SS304L to have the great-
est resistance. Since at low frequency, the Bode diagram has
not yet reached the resistive state, it differs from the Nyquist
curve as regards the resistance of the samples.

Table 8 Results from the best fit of EIS on the equivalent circuit of the samples annealed with nitrogen flux in a 0.4 M of H,SO, solution at dif-

ferent temperatures

Sample (H,SO,) Ry(Qcm?)  Cyu(Q'em™s) n R,(Qcm? R_ (Qcm? L(henricm®) R, (Qcm? 5% P
SS304L 5.41 1.5%x 107 0.78  85.51 - - 90.92 - -
Mn(293)/SS304L 6.08 4.4x107 093  63.71 111.2 135.8 180.99 57.13 1410
MnN,(293)/SS304L  4.63 3.7x1074 0.78 2892 - - 2896.63 97.04  0.029
MnN,(333)/SS304L  4.40 6x 107 0.83 4127 - - 417.10 79.28  0.206
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Fig. 13 Bode and phase diagrams for the samples a SS304L, b Mn(293)/SS304L, ¢ MnN,(293)/SS304L, and d MnN,(333)/SS304L in a

0.4 M H,SO, solution

Table 9 Values of the samples’ resistances from the Bode diagrams
and their comparison with those in Table 8

Sample log(R, + R)(R + R,) (Q cm?) Ry (2 cm?)
(Qcm?)

SS304L 1.85 70.79 90.92

Mn(293)/SS304L 1.80 63.09 69.79

MnN(293)/SS304L  2.55 354.81 2896.63

MnNy(333)/SS304L  2.30 199.52 417.10

Kramers-Kronig transformations

The impedance technique is frequently used in electrochemi-
cal systems in order to study the various aspects of corrosion
in that system. However, before embarking upon the analysis
and modeling the results of the experiments on this basis, it
is necessary to ascertain the validity of the impedance data.
A common mathematical procedure for achieving this goal
was introduced by Kramers and Kronig [45, 46].

Thus, the calculated impedance values are acceptable if
they satisfy the following fourfold conditions:Linearity if the

@ Springer

impedance obtained does not change with half the applied
AC signal amplitude, the system is considered to be linear.
Causality the response of the system must be completely
determined by the applied disturbance potential. Stability
this is determined by the response of the system to its inputs.
Finiteness the values of real and imaginary parts of imped-
ance must be finite at all frequencies (0 < @ < o0).In general,
Egs. 6 and 7 are used in the Kramers—Kronig transformation
for calculating the real and imaginary parts of the empiri-
cal electrochemical impedance [47-50].

o x7M"(x) — wZ"
Z/() = Z/(c0) + % / %d}c ©)
[+) Z/ _ Z/
7" (@) = _<27CU> { (;Cz) = a)z(w)dx @

As is evident from Fig. 14, in both “real to imaginary”
and “imaginary to real” parts, in 0.4 M H,SO, solution at
different temperatures, Kramers—Kronig fits on the Nyquist
curve for each sample confirm the real value obtained for the
impedance, and it is clearly seen that the obtained values in
the given frequency range are real.
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Fig. 14 Graphs showing the results from Kramers—Kronig method superimposed on EIS data

Summary and conclusion

In brief, it is observed that surface morphology changes
with the type of coating employed. The Nyquist curves for
coatings on the sample Mn(293)/SS304L, one semicircle in
the frequency range 0.01 Hz—100 kHz indicate that corro-
sion of manganese nitride coatings involves a single time
constant. Having studied the extent of corrosion at differ-
ent temperatures of the solution, we infer that porosity is
directly correlated with temperature, while resistance to
corrosion decreases with it. Hence we conclude, according

to the analyses carried out, that deposition of manganese
on the surface of stainless steel SS304L does not signifi-
cantly change the resistance of the layer. Therefore, pure
manganese must not be considered suitable for the purpose
of enhancing the surface and the resistance of stainless
steel. However, since the resistance of the sample’s surface
to corrosion in a 0.4 M H,SO, solution at room temperature
was substantially increased after being annealed in nitrogen
flux, one may conclude that annealing must be regarded as
a highly significant stage in the process. Grain boundaries
are regions where the surface of the sample has pores, holes,
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and fractures; therefore, decreasing grain boundaries will
help increase surface stability and inhibit the infiltration of
electrolytes into the surface.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.
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