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In this paper two electrochemical techniques were used to study the behavior of Stainless Steel 304 in
synthetic seawater. The synthetic seawater was elaborated according to the standard ASTM D 1141-98
(Standard Practice for the preparation of substitute ocean water). Two different temperatures were used
in the experiments: room temperature and 40 °C. The electrochemical techniques were
potentiodynamic polarization curves and electrochemical noise. The electrochemical noise was
analyzed in the time domain and in the frequency domain, the noise resistance (R,) and the spectral
noise resistance (R%) were obtained. The corrosion rate at 40 °C was higher than the corrosion rate at
room temperature, but the values of noise resistance and spectral noise resistance were high at both
temperatures, indicating the good resistance of the chromium oxide layer to the increment of
temperature.

Keywords: Stainless Steel 304, Synthetic Seawater, electrochemical noise, potentiodynamic
polarization curves.

1. INTRODUCTION

The electronic structure of the passive films formed on stainless steels materials can be
described by a bilayer model composed of an outer layer of iron oxide (Fe»O,) and hydroxides, which
are near the solution; and an inner layer made of chromium oxide (Cr,O3) covering the metal surface
[1-2]. The bilayer model has been used to describe the semiconducting properties of the metallic
oxides formed in Fe-Cr alloys exposed to sulfuric acid solutions, assuming that these passive layers
were composed of an outer layer made of hydroxides of chromium 111 (Cr[OH]s), and an inner layer
made of chromium oxide (Cr,03) [2-3].
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However, the bilayer structure formed on the stainless steels materials has proved to be even
more complex [4-6]. The outer layer would be enriched with Fe** species such as Fe,Os, ferrous oxy-
hydroxides (FeO[OH]) and hydroxides of iron 11l (Fe[OH]3), this region could also have Cr(OH); and
chromium oxy-hydroxides (CrO[OH]). The inner layer consists of a combined mixture of iron oxides
and chromium, the more exact formula to represent this combination would be Fe(I)[Cr(1IT)xFe(I11)q-
x]204, where 0<x<I1. There could also be nickel replacing the iron or chromium in the crystalline
structure [4-6].

The thickness of the passive oxide layers formed on stainless steels materials varies from 1 to 3
nm (10 to 30 A®°). Such as it is expected, high temperatures and acidic environments tend to decrease
the thickness of these layers [7]. The passive layers can be amorphous, nanocrystalline or crystalline
[8-10]. To study the effect of the progressive addition of chromium into the iron, Mc Bee and Kruger
used electron diffraction and proved that the passive layers change from a polycrystalline state to an
amorphous state by increasing the amount of chromium in the alloy [11].

In view of these observations, it is proposed that one of the most important factors in the
passivity of metals is the structure of the passive layer [12]. It is believed that an amorphous oxide
provides more protection against corrosion than a crystalline one, since the crystalline structures
present grain boundaries and have some defects that may help the migration of metal cations to the
solution. Stainless steels materials contain a minimum of 11% chromium, which causes the formation
of an adherent and compact chromium oxide, protecting the stainless steels from corrosion. The effects
of adding various elements to an alloy have been studied over the years, therefore the following effects
have been observed in the passivation [13]:

a) Chromium is beneficial to iron and nickel, but it is not beneficial to molybdenum.

b) Molybdenum is not beneficial to iron and nickel, however it is beneficial to Fe-Cr

alloys and Fe-Cr-Ni alloys.

C) Nickel is beneficial to iron and molybdenum, but it is not beneficial to chromium.

The stainless steel mostly used around the world is the stainless steel 304 (SS-304), the
standard chemical composition of this steel is shown in Table 1. The SS-304 has a good corrosion
resistance, however presents localized corrosion in the presence of chloride and bromide ions [14-16].
This fact has limited the use of SS-304 in seawater applications. The susceptibility to localized
corrosion in stainless steels is measured by using the pitting resistance equivalent number (PREN) [17-
18]:

PREN = %Cr + 3.2%Mo + 16%N (1)

It is said that PREN must have a minimum value of 38 to prevent pitting, the PREN of SS-304
is approximately 20 and therefore this steel can suffer pitting corrosion, nevertheless, in general the
resistance of SS-304 to uniform corrosion is excellent [17-18]. The addition of molybdenum and
nitrogen to the stainless steels is desirable to increase the resistance to pitting corrosion. The aim of
this research is to evaluate the corrosion performance of SS-304 in seawater at two temperatures using
two electrochemical techniques: potentiodynamic polarization curves (PP) and electrochemical noise
(EN), making a comparison of the results.
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Table 1. Standard chemical composition of SS-304

Element | % in Weight
Carbon .08 max.
Manganese 2 max.
Phosphorus | .045 max.
Sulfur .03 max.
Silicon .75 max.
Chromium 18-20
Nickel 8.0-12
Nitrogen 0.1 max.
Iron Balance

8685

2. EXPERIMENTAL PROCEDURES

A rod of $S-304 was cut to obtain small parallelepiped samples of 10x10x3 mm?, a copper wire
was welded to these samples, and then the samples were encapsulated in epoxy resin. In all the
experiments the area of the exposed metal was 1 cm?. The samples were abraded with wet SiC paper,
the initial grit size was 120 and the final one was 600. Finally, the samples were cleaned with an
ultrasonic bath and dried in a stream air.

The synthetic seawater was prepared in accordance with ASTM D 1141-98 (Standard Practice
for the preparation of substitute ocean water), using only analytical grade reagents [19]. Table 2 shows
the composition of the synthetic seawater, the pH was adjusted to a value of 8.2 using a solution of 0.1
M NaOH. The chlorinity of this seawater was 19.38 [19]. The electrochemical tests were conducted at
two different temperatures: the room temperature and 40 °C. The reference electrode was a Thermo
Scientific Orion Cat. No. 900100, the electrochemical potential of this reference electrode is equivalent
to the potential of a saturated calomel electrode (SCE). In order to perform the electrochemical tests,
an Interface 1000 (Potentiostat/Galvanostat/ZRA) of Gamry Instruments was used in all the
experiments.

Table 2. Chemical composition of the synthetic seawater.

Compound | Concentration (g/L)
NaCl 24.53
MgCl, 5.2
Na;SO4 4.09
CaCl, 1.16
KCI 0.695
NaHCO3 0.201
KBr 0.101
H3BO; 0.027
SrCl, 0.025
NaF 0.003
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The electrochemical cell employed in the noise tests consisted of two working electrodes and
the reference electrode previously mentioned, the working electrodes are the samples of SS-304
encapsulated in the epoxy resin, the three electrodes were immersed in the synthetic seawater.

The electrochemical cell was used to measure the current and the voltage noise simultaneously,
connecting the cell to the ZRA (zero resistance ammeter). In ZRA tests, the current is measured
between the two working electrodes which are held at the same potential (a short circuit between the
electrodes), the voltage is measured independently between the two specimens and the reference
electrode [20].

The electrochemical noise tests lasted 10 days and the measurements were taken every 6 hours,
each measurement consisted of 2048 points obtained with a sample rate of 2 points/second, then each
time series lasted 1024 s.

The experimental arrangement used in the potentiodynamic polarization curves was similar to
the arrangement used in electrochemical noise tests, but a platinum counter electrode was used in place
of one of the two working electrodes. The potentiodynamic polarization curves (PP) were done after
30 minutes of exposing the SS-304 in the synthetic seawater, the applied over-potential was -120 mV
to 1500 mV with respect to open circuit potential, with a scan rate of 1 mV/s.

At the end of the 10 days of immersion, the corroded surface of the samples was analyzed using
a scanning electron microscope (SEM), model LEO 1450 VP equipped with an EDS (Energy
Dispersive Spectrometer) of X-rays.

3. RESULTS AND DISCUSSION

3.1. Physical Characterization

Two images obtained with the SEM are presented in figures 1.a and 1.c, the images of SS-304
at both temperatures did not show evidence of localized corrosion. It is possible that 10 days of
immersion in the synthetic seawater is a short time in order to observe pitting corrosion. In this work
only the images of the samples at 40 °C are presented, where the presence of corrosion products was
evident, see Figures 1.a and 1.c. Even though the samples at room temperature also presented some
corrosion products, but in much less extension.

The semi-quantitative chemical composition in weight percentage of the corrosion products is
shown at the right side of each corroded sample, see Figures 1.b and 1.d. The corrosion products
clearly show the presence of oxygen, iron, chromium and traces of nickel, these elements are present in
the composition of the stainless steel. There is also the presence of chlorine, sodium and magnesium,
which are constituents of the synthetic seawater. The large amount of chlorine and sodium suggests the
possibility of a thin layer of sodium chloride covering the metal oxide.



Int. J. Electrochem. Sci., Vol. 11, 2016 8687

- i ! A AL
2um EHT=1500kV Mag= 5.00KX File Name = Inox40nois-2-5jpg  CITCAp
Photo No. = 2377 WD = 20 mm Signal A= SE1 Time :13:20:15 Date :16 Jun 2015

O Na Mg S ClI Ca Cr Fe Ni
35 d)

30

25

% Weight
o

¢ Pt e
s T - N . wlio S

2um EHT=1500k Mag= 500KX File Name = Inox40nois-8-1jpg CIICApP
Photo No. = 2383 WD = 20mm  Signal A= SE1 Time :14:11:21 Date :16 Jun 2015 0

[ —

O Na Mg Si Cl Cr Fe

Figure 1. Images obtained with the SEM at 40 °C in the noise test samples. a) and c) Images showing
corrosion products, b) and d) Semi-quantitative chemical composition in weight percentage
obtained with the EDS (Energy Dispersive Spectrometer) of X-rays, b) and d) corresponds to a)
and c) respectively.

The SEM detects better the outermost surface of a material, which presumably contains iron
hydroxides for the SS-304, and this is a probable explanation for the small amount of chromium and
nickel in the semi-quantitative analysis. The calcium and magnesium in Figure 1 can indicate the
presence of CaCO3; and Mg(OH), in the corrosion products, this two compounds tend to precipitate at
high values of pH, and they are benefic to reduce the corrosion rate in the cathodic protection of
marine structures [21].

3.2. Potentiodynamic Polarization Curves

Figure 2 shows the polarization curves of SS-304 obtained at room temperature and at 40 °C.
The corrosion potential at room temperature was -221.34 mV vs. SCE, and at 40 °C it was -240.8 mV
vs. SCE. Contrary to what was expected, the presence of a passive region was not observed in the
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polarization curves. At 40 °C a clear increase in the anodic oxidation is observed above 50 mV vs.
SCE, where the current density increased from 0.003 mA/cm? to 1 mA/cm?, this behavior probably
states the pitting potential at 40 °C [22]. It can be seen an asymptotic trend in the current density at
high anodic overpotentials, which is due to the diffusive effects in the metal-electrolyte interface.
These effects hinder the transport of Fe** ions into the solution, which had been previously saturated
with such ions.
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Figure 2. Potentiodynamic Polarization Curves of SS-304 in the synthetic seawater at room
temperature and at 40 °C.

Tafel slopes and the corrosion rate were determined using the Tafel extrapolation method. For
the experiment at room temperature, the corrosion rate is 4.0x10° mA/cm?, the anodic and cathodic
Tafel slopes are 145.45 mV/decade and 62.54 mV/decade respectively. For the experiment at 40 °C the
corrosion rate is 8.91x10° mA/cm?, and the anodic and cathodic Tafel slopes are 156.50 mV/decade
and 64.95 mV/decade respectively. In this case the corrosion rate at 40 °C is higher than that at room
temperature. It is also seen that the corrosion potential at room temperature is nobler than that at the
higher temperature.

In both cases the Tafel slopes are very similar and no significant changes are worth to
comment. The Stern and Geary equation can be used to calculate the corrosion rate, but also to obtain
the polarization resistance such as shown in equation 2 [23-24].

B b,b. 1

i T 2303b,+b) i, @)

corr

p
corr

Where R, is the linear polarization resistance in ohms.cm?, icor is the corrosion rate in mA/cm?,
ba and b, are the anodic and cathodic Tafel slopes respectively in mV/decade. At 40 °C the R, was
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223,538.85 ohm.cm” and at room temperature the R, was 474,760 ohm.cm?, being the R, at 40 °C
smaller than that at room temperature.

3.3. Electrochemical Noise Tests

Figure 3 shows the potential and current noise records corresponding to the ambient
temperature, also Figure 4 shows the potential and current noise records corresponding to 40 °C. Day 0
in Figures 3 and 4 corresponds to the beginning of the experiment, Day 5 is the middle of the
experiment and Day 10 is the end of the experiment. From the potential noise records at both
temperatures, we could see that the electrochemical potential tended to become nobler with time,
indicating an improvement of the passive layer to protect the metal. During the experiments, the
electrochemical potentials at both temperatures were in an interval from -280 to 42 mV vs. SCE, the
nobler values were reached in the 10 Day by the samples maintained at room temperature (Figure 3.e).

The values of current noise were very low in the order of nanoamperes, indicating a very high
impedance of the SS-304 in the synthetic seawater, the only exception to this behavior is the current
noise record corresponding to Day 0 at 40 °C (Figure 4.b), this noise record shows a transient that
reached almost the -1000 nA/cm?, this transient could indicate the presence of a metastable pit, but the
posterior analysis in SEM didn’t show the presence of pitting corrosion, the other peaks or possible
transients in the other current noise records were extremely low to cause a pit in the metal surface. A
very important factor that promotes the growing of a pit is the acidity of the solution inside the pit [13],
the pH of the seawater was 8.2 and this basic pH in combination with the high impedance of the
system stopped the formation of pits.

Figure 5 shows the current ant potential noise records obtained after 6 hours of immersion at
room temperature, figures 5.a and 5.b show a current noise record and a potential noise record
respectively. Figures 5.c and 5.d show the same records after subtracting the linear trend, the linear
trend was removed in all the noise records [25-28]. To remove the linear trend was necessary to fit a
straight line by the method of least squares (regression analysis), see the red lines in Figures 5.a and
5.b. After removing the linear trend, the noise resistance (R,) was determined, R, is equal to the
standard deviation of the potential noise divided by the standard deviation of the current noise [26].

The Current and Potential Power Spectral Densities (W, and Wy) were calculated after the
elimination of the linear trend, see Figures 5.e and 5.f. The Power Spectral Density (PSD) is the power
(or variance) present in a signal as a function of the frequency, which is a density because the power is
divided by the width of the frequency band, so the units of Wy and ¥, are V¥Hz and A%Hz
respectively. There are two methods commonly used in corrosion science to calculate the PSD: The
Fourier Transform and the Maximum Entropy Method [29, 30].

In this paper, the Discrete Fourier Transform is used to calculate ¥, and Wy. The Discrete
Fourier Transform converts M values of a time record into M/2 values of PSD. The PSD uses a
frequency range from 1/T to 1/2At (Nyquist Frequency) [20, 31]. T is the data acquisition time and At
is the sampling time interval, for the noise records presented in this article: M = 2048, T = 1024 s and
At = 0.5 s. Equation 3 is used to calculate the Discrete Fourier Transform (Xt) of a digitalized noise



Int. J. Electrochem. Sci., Vol. 11, 2016 8690

signal x(nAt) in which n is an integer number whose value ranges from 0 to M-1, mAf is the frequency
at which the Fourier Transform is calculated and m is an integer number whose value ranges from 1 to
M/2. For the Power Spectral Densities presented in this paper, the frequency interval was 0.9766 mHz
<mAf< 1Hz, because Af = 1/MAt=1/T =0.9766 mHz [31].

Equation 4 shows how to calculate the PSD from the Fourier transform previously calculated
with Equation 3 [31]. Nowadays the Discrete Fourier Transform is calculated using a powerful
computer algorithm known as the Fast Fourier transform (FFT).
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Figure 3. Noise records corresponding at room temperature. a) potential noise in day 0, b) current

noise in day 0, c) potential noise in day 5, d) current noise in day 5, e) potential noise in day 10,
f) current noise in day 10.
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Figure 4. Noise records corresponding to 40 °C. a) potential noise in day 0, b) current noise in day 0,

c) potential noise in day 5, d) current noise in day 5, e) potential noise in day 10, f) current
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Int. J. Electrochem. Sci., Vol. 11, 2016 8691
R a) — 0.1350+ b)
-1.5x10 8
< . g -0.1365
3 -3.0x10” <
2 o
= . 2 0.1380-
o -4.5x107 pa
3 S
= | £ 0.1395
-6.0x10™ 5
o
T Lt T ¥ T T X T 3 T 1 '0.1410 T T T T T T 1
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Time (s) Time (s)
..9_
1%t c) _ 8.0x10* d)
L
& ]
2 7-50x107- 5 4.0x10%
N > -
0 =
B2 <
S 0.0 g 90
-— [e) 4
© = i
= ” © -4.0x10" 1
3 -7.50x107"° = ]
g -8.0x10*1
'150X1079 T X T L T L T x T ¥ T ¥ 1 T T T T T T 1
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Time (s) Time (s)
= 3 e) - : f)
N 1E-164 T 1E-5]
> ; > i
® 1E-18 3 1B
2 2 ;
=2 E =
- < 1E-94
g 1E-20 = ;
3 ] 2 1E-11
- a ol
5 1E-224 N 1
[m) =
2 ] 2) 1E-13
1E'24 T T T T T T T T
1E-3 0.01 0.1 1 1E-3 0.01 0.1 1
Frequency (Hz) Frequency (Hz)
1,000,000 4
100,000
£
i
°
o’ 10,000
1,000
1€3 001 04 1

Frequency (Hz)

Figure 5. Step by step procedure to obtain Rsy(f). a) Current Noise, b) Potential Noise, ¢) Current
Noise without linear trend, d) Potential Noise without linear trend, ) PSD of Current Noise, f)
PSD of Potential Noise, g) Spectral Noise Response.



Int. J. Electrochem. Sci., Vol. 11, 2016 8692

X; (MAf) = lex(nAt) *exp[—2 jz(mATF )(nAt)]* At (3)
n=0
¥ (mAf)z_?XT(mAf)z 4)

A free program developed by F. Huet was used to calculate the Power Spectral Densities [32].
The spectral noise response “Rgn(f)” can be calculated using the Fourier Transform of potential and
current (Vrand It) or by using the Power Spectral Densities of potential and current (v and V), see
Equation 5 [25, 31, 33-35]. The Rs(f) comprises an interval of frequencies from 1/T to 1/2At (Nyquist
Frequency). Figure 5.9 shows the spectral noise response obtained with the data of Figures 5.e and 5.f.

R ()= Vi (D) [%(D) ©)
()] ()
Rsn(f) represents an estimation of the magnitude of the electrochemical impedance, so the data
of Rsy(f) can be compared with the data obtained with the Electrochemical Impedance Spectroscopy

(EIS) [36, 37], but Rs(f) has some limitations with respect to the EIS technique. For example, the
maximum frequency of Rey(f) is equal to the Nyquist Frequency, and At must be equal to 5x10° s to

achieve a maximum frequency of 100,000 Hz, this At is extremely low, and most of the potentiostats
are not capable to apply.

Another important limitation with Rg,(f) is the total loss of the phase data, so R, (f) cannot be
compared with the Bode Phase Plots in anyway. The Spectral Noise Resistance “R°s” is the low
frequency limit of R (f), See equation 6. Many times the DC limit is not clear, so R%, is determined as
the average of the 5 or 10 data points located in the region of lowest frequency [38-39].

anzliLgRsn(f) (6)

There has been observed for iron in various corrosive environments a good agreement between
R, and R%,. Figure 6 shows the evolution of the noise resistance and the Spectral Noise Resistance at
the two temperatures. The average value of R, at room temperature was 1,492,645 ohm.cm? and the
average value of R, at 40 °C was 315,658 ohm.cm?. The average value of R%, at room temperature
was 1,671,624 ohm.cm? and the average value of R%;, at 40 °C was 403,259 ohm.cm?. There is a slight
upward trend in the values of R, and R’%, obtained at 40 °C, indicating an improvement in the
protection against corrosion.

It can be seen from Figure 6 that the values of R, and R%, are always greater at room
temperature than those values at 40 °C. The average value of R, at a given temperature is greater than
the average value of R, at the same temperature, this is expected because R%, is the limit of the
magnitude when the frequency tends to zero and therefore R, should be higher than Ry,

Equation 7 shows the mathematical relationship to calculate the localization index (LI). This
parameter can be used as an indicator to determine if the corrosion process is uniform or localized. LI
is equal to the standard deviation of the current noise “S,” divided by the root mean square of current
noise “rms(I)”. LI cannot be greater than 1, a value below 0.01 indicates uniform corrosion, a value
from 0.01 to 0.1 indicates mixed corrosion and a value from 0.1 to 1 indicates localized corrosion [40-
41].
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LI is calculated before removing the linear trend in the current noise records, if LI were
calculated after the removing, then LI would be always equal to 1. LI has received some observations,
since two electrodes having identical corrosion kinetics would have a LI equal to 1, with no presence
on any localized corrosion [25, 42]. When a system behave ideally, the average of the current noise
signal is equal or close to zero, which leads to S; = rms(I) and therefore LI would be equal to 1. It can
be concluded that LI should be considered as a measure of the deviation of a system from the assumed

ideal behavior [25, 42].
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Figure 7. Evolution in time of LI at both temperatures for SS-304 exposed to the synthetic seawater.
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Figure 7 shows the evolution of the LI at room temperature and at 40 °C. The values of LI at
room temperature were higher than the values at 40 °C. There are two possible explanations for this
result. The first explanation would be the higher level of pitting corrosion at room temperature, but this
is inconsistent because an increase of temperature would accelerate the corrosion processes, under the
assumption that the oxygen depletion is not excessive. The second and correct explanation involves a
more ideal behavior of the two electrodes used at room temperature, maybe it is more difficult for the
two electrodes maintain an identical corrosion kinetics with the increment of temperature, we conclude
that the two electrodes used at room temperature behaved more ideally than the two electrodes used at
40 °C, and this conclusion is supported by the SEM micrographs in which there is no presence of
pitting corrosion at both temperatures.

4. CONCLUSIONS

a) The Resistance Values (R, and R%;) were very high at both temperatures, indicating
very low corrosion rates in the samples, this experimental values agree with the physical observations
carried out in the SEM, because the presence of corrosion products was almost negligible after 10 days
of immersion.

b) The visual observation of the samples clearly showed more corrosion products at 40 °C,
which gives validity to the data obtained with the electrochemical techniques, in which there is a clear
difference between the values obtained at 40 °C and the values obtained at Room Temperature.

c) The results obtained with the potentiodynamic polarization curves agree with the
results obtained with the electrochemical noise, although it must be say that the average resistance
values obtained with the electrochemical noise were greater than the resistance values obtained with
the polarization curves.

d) The values of “Rosn” were higher than the values of “R,” at the same temperature, so
“Rosn” suggests lower corrosion rates than “R,”. The values of “Rosn” and “Rp” are greater at Room
Temperature, and this is a confirmation of higher corrosion rates at 40 °C.

e) The values of LI were higher at Room Temperature, indicating the presence of pitting
corrosion at this temperature, the absence of pits at both temperatures is a prove against the LI as a
reliable index able to detect the presence of pitting corrosion, high values of LI only indicate similar
corrosion kinetics between the two electrodes and not a pitting process.
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