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Abstract

The pitting corrosion behavior of 301, 304 and 316 austenitic stainless steels in
2M H2SO4 at 0–1.5% NaCl concentrations was investigated through potentiodynamic
polarization and optical microscopy analysis. Electrochemical analysis of the pitting
corrosion inhibition and surface protection properties of rosemary oil and aniline on
the stainless was also performed. The corrosion rate, pitting potential, passivation
potential, metastable pitting potential and surface morphology of both steels where
significantly altered by changes in chloride concentration, differences in alloy com-
position and metallurgical properties of the steels. 316 steel had the lowest corrosion
rate and highest pitting corrosion resistance followed by 301 steel. The surface mor-
phology of 316 steel was slightly altered at 1.5% NaCl concentration while 301 steel
appears to etch with grain boundaries appearing at higher chloride concentration.
304 steel showed no resistance to pitting after 0% NaCl coupled with relatively
significant increase in corrosion rate values. Its surface morphology showed the
presence of corrosion pits with respect to chloride and inhibitor concentration. Rose-
mary oil and aniline significantly reduced the corrosion rates values of the stainless
steels and with consequent increase in their pitting corrosion resistance; however the
compounds had no positive influence on the pitting corrosion behavior of 304 steel.

Keywords: pitting, corrosion, steel, sodium chloride, austenitic

1. Introduction

Lean austenitic stainless steels consisting mainly of 201, 301, 304 and 316 stainless steel alloys
have immense applications in food preparation equipment particularly in chloride environ-
ments, boat fittings, chemical containers, heat exchangers, marine applications, pharmaceuti-
cal industries, petrochemical, offshore drilling, water desalination and diluted acid containers
at low temperature, etc., where high strength is of very high importance in the material of
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application due to the austenite stability of these alloys which gives a wide range work-
hardening rates and ductility [1]. They have less than 20% chromium and 14% nickel content.
This category of stainless steels is easily weldable and formable with sufficient corrosion
resistance for general purpose applications in mild corrosive environments due to the forma-
tion of a passive protective film on the surface of the steels. The passive film consists of the
chemical combination of iron and chromium oxy-hydroxide layer, and water containing-
compounds at the metal/solution interface [2]. Localized dissolution of the passive film is one
of the major causes of pitting corrosion failure of these steels during application. The dissolu-
tion tends to be stochastic rather than a visible catastrophic process [3–5].

Previous research on pitting corrosion has shown that it is difficult to experimentally conclude
on its mechanism due to its random nature and breakdown of the steel's passive film is due to
the selective dissolution of the iron substrate metal [6–12]. The electrochemical process of
pitting corrosion results in the formation of microscopic holes of various sizes on metal
surfaces which tends to rapidly increase in dimension especially in the presence of chloride
ions within the corrosive medium. Under appropriate conditions lean austenitic stainless steels
pits at different rates due to differences in chromium, nickel content and metallurgical struc-
ture. Due to its localized nature pitting corrosion may be undetected at the onset as only
microscopic regions of stainless steel surfaces corrodes while the remaining portion remains
passive and cathodic. Pitting is particularly insidious in nature due to the extent of rapidly
penetrating into the mass of the metal. The result of such rapid perforations can induce leakage
of fluid or alternatively, pitting to crack transition may occur with consequential crack nucle-
ation and growth which leads to brittleness and catastrophic failure. In most cases the corro-
sive damage is in its advanced stages before detection. The need to further understanding the
pitting corrosion mechanism and the influence of organic chemical inhibitors on the electro-
chemical process resulting in pitting is of very high importance.

1.1. Pitting corrosion mechanism in the presence of chlorides

Pitting corrosion mechanism generally consists of pit initiation and pit propagation stages
during the metal dissolution process. The pit initiation stage is the product of the electrochem-
ical action of aggressive ions such as chlorides, sulfates, thiosulfates, etc., at specific regions,
sites or flaws in the oxide layer which in some cases causes segregation of alloy elements on the
metallic surface. Once a pit nucleates, pit propagation proceeds autocatalytically. The autocat-
alytic reaction produces cavities initiated at the surface, resulting in a myriad of shapes and
sizes. This however depends on the microstructure of the material, electrolyte and various
electrochemical factors. Chlorides are most commonly responsible for pit formation on stain-
less steels as shown in Figure 1 according to Eqs. (1)–(10). They locally disrupt the passive
oxide film at preferential sites especially sites consisting of sulfide inclusions resulting in the
gradual formation of corrosion pits. The passive film of stainless steels is made up of adsorbed
oxygen. In the presence of chloride ions the higher affinity of oxygen allows for displacement
of chloride ions, however as the alloy potential becomes more positive and chloride ions
displaces the oxygen atoms and diffuse to the metal/oxide layer [13–20]. The chloride ion
diffusion is due to electrostatic attraction. The presence of chloride ions within corrosion pits
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stimulates the redox electrochemical reactions necessary for the propagation of the pits. This
phenomenon increases the entropy of the reaction species within the pit thus accelerating the
localized corrosion of stainless steels. Changes in the electrolyte occurs due to high anodic
dissolution rates, and limited diffusion of ionic species The increase in acidity of the electrolyte
within the pit caused by insufficient oxygen further accelerates the pitting corrosion reactions
in addition to the significant difference between the anode and cathode areas of the steel. This
results in metal dissolution leading to cation production within the pits. Pit initiation also
occurs due to intermetallic inclusions, micro-segregations, stress points and regions due to
dislocations and fatigue.

Anodic reactions inside the pit:

3Feþ 4H2O ! Fe3O4 þ 8Hþ þ 8e (1)

Fe ! Fe2þ þ 2e� dissolution of ironð Þ (2)

Fe2þ þH2O ! Fe OHð Þþ þHþ (3)

3Fe OHð Þþ þH2O ! Fe3O4 þ 5Hþ þ 2e (4)

In the presence of Cl�, the hydrolysis of Fe2+ is accelerated, as shown in the reactions below;

Fe2þ þ Cl2� ! FeCl2 (5)

FeCl2 þH2O ! Fe OHð Þþ þHþ þ 2Cl� (6)

Fe2þ þH2O ! Fe OHð Þþ þHþ (7)

The electrons given up by the anode flow to the cathode (passivated surface) where they are
discharged in the cathodic reaction:

Figure 1. Chloride attack on stainless steel alloy.
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½O2 þH2Oþ 2e� $ 2 OH�ð Þ (8)

Hþ þ e ! H (9)

2Hþ þ 2e ! H2 (10)

Pit propagation involves consistent anodic dissolution by diffusion due to high concentration
of metallic and chloride ions within corrosion pits, hence a high concentration of hydrogen
ions due to hydrolysis [21]. The corrosion process within the pit is a specific type of anodic
reaction whose conditions enables and is necessary for electrochemical reactions within the pit.
The diffusion of metallic cations to the pit exterior causes the chloride concentration within the
pit to increase resulting in accelerated propagation of the pitting corrosion already taking
place. A high cation concentration already exists within the propagating pit, and more chloride
ions diffuse into the pit to maintain solution concentration [22, 23]. This phenomenon prevents
the repassivation of the stainless steel alloy which otherwise will hinder the pit propagation
mechanism.

1.2. Metastable pitting

Repassivation of the oxide protective film on stainless steels causes newly formed pits to
disappear for several reasons. Metastable pits are visible during potential scanning indicated
by the current fluctuations at very low potentials, below the values necessary for stable pits to
occur [24–26]. The pits are microscopic in dimension with a very short lifespan resulting
smaller damages on the metallic surface. The passive film on stainless steels is locally damaged
during the metastable pitting process before metal dissolution and then surface repassivation.
At low potentials, dissolution cannot continue but as the potential of the system increases, the
anodic dissolution rate increases and the peak current and lifetime of the metastable pit
increase before repassivation. The lower the potential at which stainless steels repassivate after
metastable pit formation, the higher the pitting corrosion resistance of the steel. The size of
inclusions, flaws, and impurities as well as the presence of fatigue stress are important param-
eters for the occurrence and properties of metastable pits [27]. There is consistency and corre-
lation between the behavior of stable and metastable pitting. If the acidity and concentration of
aggressive ions necessary to keep dissolution in a pit cannot be maintained, repassivation
would happen. When a pit has developed to the critical condition which can maintain contin-
uous dissolution in the pit, the metastable pit would transform to a stable pit. The two major
criteria responsible for metastable pitting are chloride ion concentration and effect of alloying
elements. Chloride in the early stage of pitting corrosion would damage the passive film, and
promote the nucleation of metastable pits. The larger the chloride concentration, the higher the
metastable pitting nucleation rate. Therefore, with the increase of chloride concentration, both
the nucleation and the growth of metastable pits are promoted. According to Burstein [28, 29],
this is directly associated with the observation that the number of surface sites available
for development of a metastable pit decreased with decreasing chloride for all potentials.
A number of researchers studied the effect of alloying elements on the formation of metastable
pitting and observed that stainless steel alloys with varying concentration of chromium and
molybdenum experience a decrease in the number of metastable events with time due to
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improve corrosion resistance of the passive film resulting in decrease in available initiation
sites [30–33].

2. Potentiodynamic polarization study and inhibition of the pitting
corrosion of 301, 304 and 316 in acid chloride media

Pitting corrosion initiation and propagation is subject to factors responsible for any electro-
chemical corrosion reaction such as charge-transfer mechanisms, ohmic effects and mass
transport phenomena. The importance of environmental and material factors relevant to the
pitting process, such as electrochemical potential, alloy composition, electrolyte concentration
and temperature can be understood by their role on pit growth stability. Influence of the
passive film characteristics and the mechanism of the initiation of pitting or breakdown of the
otherwise protective passive film are highly important in the study of pitting corrosion.
Studies performed on metastable and stable pit growth of metallic alloys have seen consider-
able progress on propagation processes, conditions and effects of electrochemical variables.
Several mechanisms have been proposed to explain the passivity breakdown. Compounds
capable of releasing chloride ions to aqueous environments have strong possibility of causing
pitting corrosion failure in stainless steels. The chloride ion is highly electronegative and very
reactive with specific compounds and elements. The polarization behavior in chloride ion-
containing solution has been investigated for decades and a number of conclusions on its
electrochemical influence on the pitting corrosion mechanism have been reached [34–41]. In
this chapter, the pitting corrosion resistance of type 301, 304 and 316 austenitic stainless steels
exposed to 2 M H2SO4 acid at specific chloride concentrations will be discussed with focus on
the potentiodynamic polarization behavior of the steels, characterization of the pitting suscep-
tibility of the steels in the environments under study, metastable pitting, influence of chloride
ion concentration and inhibitor protection through the use of rosemary oil and aniline.

2.1. Experimental methods

2.1.1. Materials and preparation

301, 304, 316 austenitic stainless steels (301SS, 304SS and 316SS) sourced commercially had a
nominal composition (wt.%) as shown in Table 1. The steel samples machined and afterwards
grinded with silicon carbide abrasive papers (80, 120, 220, 320, 600, 800 and 1000 grits) before
cleansing with deionized water and acetone for potentiodynamic polarization tests according
to ASTM G1–03 [42]. Polarization measurements were conducted out at ambient temperature
of 30�C using a three electrode system and glass cell containing 200 mL of the corrosive test
solution with Digi-Ivy 2311 potentiostat. 301SS, 304SS, 316SS electrodes mounted in acrylic
resin with an exposed surface area of 0.6, 0.79 and 1.33 cm2 were prepared according to ASTM
G59–97 [43]. The polarization plots were obtained at a scan rate of 0.0015 V/s between poten-
tials of �0.5 and +1 V according to ASTM G102–89 [44]. A platinum rod was used as the
counter electrode and a silver chloride electrode (Ag/AgCl) as the reference electrode. Corro-
sion current density (Jcorr) and corrosion potential (Ecorr) values were obtained using the Tafel
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extrapolation method. The corrosion rate (ɤ) and the inhibition efficiency (η2, %) were calcu-
lated from the mathematical relationship:

CR ¼ 0:00327� Jcorr � Eqv

D
(11)

where Jcorr is the current density in A/cm2, D is the density in g/cm3 and Eqv is the sample
equivalent weight in grams. 0.00327 is a constant for corrosion rate calculation in mm/y [45].
2MH2SO4/0.25, 0.5, 0.75, 1, 1.25 and 1.5% NaCl solution, prepared from analar grade of H2SO4

acid (98%) and recrystallized NaCl with deionized water. Rosmarinus officinalis obtained from
NOW Foods, USA is a golden, translucent, oily liquid with a molar mass (active groups) of
691.14 g/mol. Aniline obtained from has a molar mass of 81.38 g/mol. It is a dark translucent
liquid soluble in water with a molar mass of 93.13 g/mol. The compounds were prepared in
volumetric concentrations of 5% in 200 mL of 2MH2SO4/0.25% and 1.5% NaCl solution.
Optical images of steel samples before and after corrosion were analyzed with Omax trinocu-
lar metallurgical through the aid of ToupCam analytical software.

2.2. Result and discussion

2.2.1. Potentiodynamic polarization studies

The corrosion polarization behavior of 301SS, 304SS and 316SS samples in 2 M H2SO4 at
0–1.5% NaCl is shown in Figures 2–4. Table 2 shows the results for the potentiodynamic
polarization curves. 316SS generally showed a higher resistance to corrosion than 301SS and
304SS at 0–1.5% NaCl from observation of corrosion rate values in Table 2, however its
corrosion resistance is subject to changes in chloride ion concentration in the acid solution.
The corrosion rates of 304SS were relatively higher than 316SS and 301SS. The surface of 304SS
tends to more easily form soft acid, compared to the other steels from the concept Lewis acid–
base theory, thus adsorbing chloride and sulfate ions which accelerates its corrosion rate faster
than the others [46]. The corrosion rate of 301SS is comparable to 304SS from 0 to 0.5% NaCl
having generally similar values but its corrosion rate remained constant after 0.5% due to its
more stable electrochemical corrosion resistance behavior to changes in higher chloride ion
concentration.

The corrosion rate values of the 301SS, 304SS and 316SS studied corresponds with values of
corrosion current and polarization resistance. The cathodic and anodic Tafel slopes for 301SS
and 304SS were generally constant with minor variation due to consistent redox electrochem-
ical reactions of hydrogen evolution, oxygen reduction and oxidation reactions taking place at

Element symbol Si N Ni Mo Cr Mn P S C Fe

% Composition (301SS) 1 0.1 8 – 16 2 0.045 – 0.15 72.7

% Composition (304SS) 0.75 0.1 8 – 18 2 0.045 0.03 0.03 69.31

% Composition (316SS) 0.75 0.1 11 3 18 2 0.045 0.03 0.08 65

Table 1. Percentage nominal composition (wt.%) of 301SS, 304SS and 316SS.
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Figure 2. Potentiodynamic polarization curves of 301SS in 2 M H2SO4/0–1.5% NaCl.

Figure 4. Potentiodynamic polarization curves of 316SS in 2 M H2SO4/0–1.5% NaCl.

Figure 3. Potentiodynamic polarization curves of 304SS in 2 M H2SO4/0–1.5% NaCl.
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the steel surfaces with respect to chloride concentration. The observed variation in anodic
Tafel slope for 316SS compared to its cathodic Tafel slope with respect to chloride concentra-
tion is probably due to the slow electron transfer step resulting from changes in rate control-
ling step, influence of potential controlled conditions and the presence of molybdenum in its
metallurgical structure [47, 48]. This observation corresponds with significant changes in
corrosion potential of 316SS compared to 310SS and 304SS. The corrosion potential transits
to positive potentials after 0.25% NaCl due to release of fewer electrons which increases the
anodic reaction mechanism. The anodic-cathodic polarization scans for 301SS and 304SS
(Figures 2 and 3) were quite similar at all NaCl concentrations compared to 316SS (Figure 4)
which showed as a wide scatter over the potential domain. This observation shows that

Sample 2 M
H2SO4/NaCl
conc. (%)

Corrosion
rate (mm/y)

Corrosion
current (A)

Corrosion
current
density
(A/cm2)

Corrosion
potential (V)

Polarization
resistance,
Rp (Ω)

Cathodic
Tafel slope,
Bc (V/dec)

Anodic
Tafel
slope, Ba

(V/dec)

301SS

A 0 9.086 5.23E-04 8.72E-04 �0.052 31.23 �6.674 3.527

B 0.25 14.889 8.57E-04 1.43E-03 �0.064 16.17 �8.304 3.420

C 0.5 16.314 9.39E-04 1.57E-03 �0.051 14.37 �7.676 3.231

D 0.75 14.681 8.45E-04 1.41E-03 �0.062 19.37 �8.498 3.600

E 1 14.976 8.62E-04 1.44E-03 �0.071 17.39 �7.692 3.513

F 1.25 15.306 8.81E-04 1.47E-03 �0.074 19.17 �8.151 3.620

G 1.5 15.584 8.97E-04 1.50E-03 �0.068 13.11 �8.497 3.030

304SS

A 0 7.694 5.92E-04 7.49E-04 �0.092 53.57 �10.89 5.289

B 0.25 16.766 1.29E-03 1.63E-03 �0.06 91.83 �11.117 5.433

C 0.5 18.066 1.39E-03 1.76E-03 �0.062 42.35 �10.49 5.146

D 0.75 21.315 1.64E-03 2.08E-03 �0.081 49.01 �10.08 5.127

E 1 22.875 1.76E-03 2.23E-03 �0.073 13.74 �9.026 4.432

F 1.25 26.774 2.06E-03 2.61E-03 �0.067 9.77 �9.853 4.245

G 1.5 30.543 2.35E-03 2.97E-03 �0.062 7.42 �10.91 4.121

316SS

A 0 1.176 1.50E-04 1.13E-04 0.024 23.34 �6.971 2.486

B 0.25 2.249 2.87E-04 2.16E-04 �0.06 40.34 �8.721 �0.925

C 0.5 3.197 4.08E-04 3.07E-04 �0.178 12.37 �9.826 �1.123

D 0.75 3.879 4.95E-04 3.72E-04 �0.153 13.49 �8.203 2.725

E 1 5.337 6.81E-04 5.12E-04 �0.102 13.92 �8.581 6.976

F 1.25 6.403 8.17E-04 6.14E-04 �0.075 14.49 �8.585 2.033

G 1.5 7.273 9.28E-04 6.98E-04 �0.058 18.29 �8.691 5.979

Table 2. Potentiodynamic polarization results for 301SS, 304SS and 316SS in 2 M H2SO4/0–1.5% NaCl.
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changes in NaCl concentration have limited influence on the polarization behavior and
redox corrosion reaction mechanisms of 301SS and 304SS as stated earlier from evaluation
of anodic and cathodic Tafel slopes.

2.2.2. Pitting corrosion evaluation

Study of the pitting corrosion resistance of 301SS, 304SS and 316SS was done through evalua-
tion of pitting, passivation and metastable pitting potentials, and their passivation range.
Theoretically the pitting potential is the potential at which pitting corrosion occurs, but below
which pits do not nucleate. The passivation potential is the potential value at which potentials
greater to or equal to this potential, pit do propagate, but below which the metal retains its
passivity. The stainless steel samples exhibited unique pitting corrosion resistance characteris-
tics that differ significantly from each other. 316SS showed the highest resistance to pitting
corrosion from observation of potentiostatic values in Table 3 at 0–1.25% NaCl. At 1.5% NaCl
concentration 316SS showed no pitting corrosion resistance behavior from observation of
Figure 3, as a result the steel failed immediately after anodic polarization. The passivation
range of 316SS which shows the extent to which stainless steels sustains their passive film
remain unchanged at 0.25% NaCl, after which it increased at 0.5% NaCl and remained

Sample 2 M H2SO4/NaCl
conc. (%)

Metastable pitting potential
(V), Empitt

Passivation potential
(V), Epass

Pitting potential
(V), Epitt

Passivation
range (V)

310SS

A 0 �0.07 0.12 1.23 1.11

B 0.25 �0.02 0.23 1.27 1.04

C 0.5 0.01 0.23 1.30 1.07

D 0.75 0.00 0.24 1.29 1.05

E 1 0.02 0.26 1.24 0.98

F 1.25 0.05 0.26 1.24 0.98

G 1.5 0.13 0.28 1.24 0.96

304SS

A 0 0.55 0.62 1.18 0.56

316SS

A 0 0.08 0.32 1.33 1.01

B 0.25 �0.02 0.24 1.25 1.01

C 0.5 �0.13 0.13 1.16 1.03

D 0.75 �0.07 0.17 1.20 1.03

E 1 0.00 0.23 1.26 1.03

F 1.25 0.58 0.66 1.29 0.63

G 1.5 0.00 0 0 0

Table 3. Potentiostatic results of pitting passivation and metastable potentials for 301SS, 304SS and 316SS in 2 M H2SO4/
0–1.5% NaCl solution.
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constant till 1.25% NaCl at 0.63 V. This observation shows that at a particular chloride concen-
tration 316SS instantaneously loses it passivity. In the presence of chlorides, the pitting poten-
tial of 316SS decreased with respect to concentration and remained at values below the pitting
potential of the control sample (0% NaCl) due to the action of chloride ions in destroying the
passivity of the steel. At 0% NaCl, 316SS passivated at 0.32 V, on addition of chlorides, the steel
passivated at lower potentials until 1.25% where it passivated at significantly higher poten-
tials. The phenomenon attests to the prevailing characteristics of the steel in chloride
containing environments. A corresponding observation was noted for metastable potential
values. Increase in chloride concentration caused a significant rise in the metastable region of
the polarization curves of 301SS and 316SS, an indication that the passive film is undergoing
localized but transient pitting due to temporary breakdown of the passive film, and the
creation and growth of small, occluded cavities before stable passivation. These events are
determined by the steels composition and strength of the passive film.

301SS showed generally uniform but narrower passivation behavior over the potentiostatic
domain at specific chloride concentrations and retained its passivation behavior at 1.5% NaCl
in comparison to 316SS. The passivation range of 310SS decreased after 0% NaCl due to the
action of chlorides on the steel, hence its passive protective film reduced in strength compared
to 316SS, however the pitting potential values of 301SS increased till 0.75% NaCl before
decreasing to values higher than 0% NaCl concentration. This observation do not mean 301SS
is more resistant to pitting corrosion than 316SS because in the presence of chlorides 301SS
passivates at higher potentials compared to 316SS which passivates at lower potentials hence
316SS has a wider passivation range than 301SS, signifying a more resistance passive film to
pitting corrosion. Despite these observations 301SS has better metastable pitting resistance
than 316SS as transient pits appears for the steel at higher potentials compared to 316SS.
304SS displayed no pitting corrosion resistance after 0% NaCl concentration. The weak resis-
tance of 304SS is due to excessive adsorption through diffusion of chloride ions at the metal-
film interface which induces the electrolytic transport of metallic cations to the acid/chloride
solution.

Elemental composition and metallurgical structure are the major factors responsible for the
differences in electrochemical behavior and passivation characteristics the three stainless steels
studied. Observation of Table 1 shows that steels have the same elemental composition
consisting of an austenite microstructure stabilized by their nickel content, but with the excep-
tion of Mo in 316SS. Molybdenum is an important alloy element widely used in metallurgy
and has been known to improve the corrosion resistance of stainless steel alloys, being a ferrite
former in the presence of manganese and nickel. In the acid/chloride solution it enriches Cr at
the metal/solution interface which stabilizes and thickens the passive film [49–57].

2.2.3. Pitting corrosion inhibition

Alloying elements have strong influence on the electrochemical behavior and pitting corrosion
resistance of stainless steels. Nickel, chromium, molybdenum and in some cases, titanium,
nitrogen, manganese, vanadium are responsible for the properties and strength of the passive
film formed on stainless steels [58–60]. Chromium content is one of the major criteria in
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categorizing austenitic stainless steels and has been observed to significantly change the
potentiostatic parameters used in studying pitting corrosion resistance of stainless steels
[61, 62]. Sufficient nickel within the iron matrix improves stainless steel resistance to pitting
as it stabilizes the austenite phase and limits the ferrite content which if too high may result in
lower rust resistance and ductility. Pitting corrosion can also be prevented in many cases with
similar methods used to control general corrosion. The most common method of which is the
use of chemical compounds to modify the environment during application [63–67]. Studies
have shown that inhibitor adsorption on metallic surface depends on the physicochemical
characteristics of inhibitor molecule such as functional groups, steric factors, aromaticity,
electron density of the donor atoms, π-orbital character of donating electrons, polymerization
resulting in formation of protective film and the electronic structure of the molecules [68, 69].
Most of the well-known corrosion inhibitors are organic compounds containing functional
groups of heteroatoms capable of chemically reacting through adsorption with valence elec-
trons of stainless steel surfaces at the metal solution interface [70, 71].

In line with the current trend on corrosion inhibition, two known corrosion inhibiting com-
pounds previously used for general corrosion inhibition of carbon steels was used to assess
their pitting corrosion potential of the 301SS, 304SS and 316SS under study (ROSO and ANL)
[72–74]. The potentiodynamic curve resulting from the use of ROSO compound on 301SS,
304SS and 316SS, and ANL compound on 304SS is shown in Figure 5. In the presence of
ROSO, the corrosion current densities of 316SS, 304SS and 301SS were significantly influenced,
as a result the general corrosion rates of the steel samples at 0.25 and 1.5% NaCl (Table 4)
reduced drastically due to the electrochemical action of the ROSO molecules in the acid
chloride solution. The electrolytic diffusion of chloride and sulfate ions were effectively hin-
dered by the interaction of ROSO molecules with the steel surfaces, which in effect hindered
the release of metal cations resulting from anodic oxidation. 316SS had the lowest corrosion
rates followed by 301SS. The corrosion potential of 301SS, 304SS and 316SS in the presence of
ROSO shifted to negative potentials signifying the dominant cathodic inhibiting property of
ROSO [75, 76]. Changes in the cathodic and anodic Tafel slopes were quite similar for 316SS

Figure 5. Potentiodynamic polarization curves of 301SS, 304SS and 316SS in 2 M H2SO4/5% ROSO at 0.25 and 1.5% NaCl.
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and 301SS, but contrast the values obtained for 304SS due to the higher degree of corrosion
reactions taking place on 304SS surface. Observation of the potentiostatic data of the three steel
samples in Table 5 showed some mild changes in their values. 316SS at 0.25% NaCl passivated
at lower potential of 0.11 V following metastable pitting activity to pit at 1.14 V resulting in a
passivation range of 1.03 V while at 1.5% NaCl concentration, pitting corrosion resistance was
displayed on the polarization curves resulting in a passivation range of 1.00 V compared to the
curve without ROSO compound (Table 4, Figure 4) where no resistance to pitting corrosion
was observed. 301SS passivated at lower potentials following metastable pitting and pitted at
higher potentials at 0.25 and 1.5% NaCl concentration resulting in a slightly higher passivation
range, thus higher pitting corrosion resistance. ROSO compound had no significant electro-
chemical influence of the pitting corrosion activity of 304SS despite improved general corro-
sion resistance. This confirms the earlier statement that metallurgical properties of stainless
steel alloys have significant influence on their pitting corrosion resistance. This observation
informed the use of ANL compound on 304SS. The corrosion rates of 304SS in the presence of
ANL compound significantly decrease further than values obtained in the presence of ROSO

Sample 2 M H2SO4/
NaCl conc. (%)

Corrosion
rate (mm/y)

Corrosion
current (A)

Corrosion
current
density
(A/cm2)

Corrosion
potential
(V)

Polarization
resistance,
Rp (Ω)

Cathodic
Tafel slope,
Bc (V/dec)

Anodic
Tafel
slope, Ba

(V/dec)

ROSO

301SS 0.25 2.552 1.93E�04 2.45E�04 �0.165 154.67 �8.416 5.107

301SS 1.5 2.684 2.03E�04 2.57E�04 �0.148 140.53 �8.407 5.012

304SS 0.25 8.817 5.15E�04 8.59E�04 �0.161 653.39 �11.790 10.910

304SS 1.5 5.490 3.21E�04 5.35E�04 �0.152 409.85 �11.010 9.230

316SS 0.25 0.234 2.98E�05 2.24E�05 �0.157 1527.33 �7.822 5.604

316SS 1.5 0.565 7.21E�05 5.42E�05 �0.141 1078.19 �8.752 6.950

ANL

304SS 0.25 0.852 6.56E�05 8.30E�05 �0.204 392.00 �10.710 25.510

304SS 1.5 1.604 1.23E�04 1.56E�04 �0.190 208.20 �11.700 22.470

Table 4. Potentiodynamic polarization results for 301SS, 304SS and 316SS in 2 M H2SO4/5% ROSO at 0.25% and 1.5%
NaCl.

Sample 2 M H2SO4/NaCl
Conc. (%)

Metastable pitting
potential (V), Empitt

Passivation potential
(V), Epass

Pitting potential
(V), Epitt

Passivation
range (V)

301SS 0.25% �0.12 0.13 1.17 1.04

301SS 1.5% 0.03 0.15 1.20 1.05

316SS 0.25% �0.10 0.11 1.14 1.03

316SS 1.5% �0.02 0.2 1.20 1.00

Table 5. Potentiostatic results of pitting passivation and metastable potentials for 301SS, 304SS and 316SS in 2 M H2SO4/
5% ROSO at 0.25 and 1.5% NaCl.
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compound; however there was no noticeable change in the potentiodynamic polarization
curve depicting resistance to pitting corrosion though fewer pits were observed on the steel
from optical microscopy analysis which will be discussed later. The observations so far show
304SS has very weak resistance to the electrochemical action of chloride ions. Without chloride
304 displayed limited resistance to pitting corrosion as shown in (Table 3, Figure 3).

2.2.4. Thermodynamics of corrosion inhibition

The adsorption strength of ROSO on 301SS, 304SS and 316SS, and ANL on 304SS was calcu-
lated from the thermodynamics of the corrosion inhibition mechanism. Calculated results of
Gibbs free energy (ΔG

�
ads) for the adsorption process is shown in Table 6, and evaluated from

the mathematical relationship below [77]:

ΔG
�
ads ¼ �2:303RTlog 55:5Kads½ � (12)

where 55.5 is the molar concentration of water in the solution, R is the universal gas constant, T
is the absolute temperature and Kads is the equilibrium constant of adsorption. Kads is related to
surface coverage (θ) from the Langmuir equation. The presence of impurities, flaws, etc., on
studied stainless steel surfaces has a strong influence on results obtained for ΔG

�
ads [78]. The

amount of oxidized metal cations passed into the corrosive media is directly related to the
extent of coverage of ROSO and ANL compound. Negative ΔG

�
ads results show the spontaneity

and stability of the adsorption mechanism. Values of ΔG
�
ads around �20 kJ/mol shows

physisorption adsorption reaction while values around �40 kJ/mol or higher involve charge
sharing or chemisorption due to chemical interaction among the reacting species [79]. The
ΔG

�
ads values obtained for ROSO and ANL interaction on the 301SS, 304SS and 316SS shows

chemisorption adsorption of ROSO and ANL molecules on the steel surfaces in response to
competitive adsorption of chloride and sulfate ions.

Specimen NaCl concentration (%) Surface coverage (θ) Equilibrium constant of
adsorption (K)

Gibbs free energy,
ΔG (kjmol�1)

ROSO

301SS 0.25 0.829 66825.7 �37.48

301SS 1.5 0.828 66439.8 �37.47

304SS 0.25 0.474 12463.8 �33.32

304SS 1.5 0.820 63082.0 �37.34

316SS 0.25 0.896 119302.8 �38.92

316SS 1.5 0.922 164090.6 �39.71

ANL

304SS 0.25 0.949 34792.7 �35.87

304SS 1.5 0.947 33608.3 �35.78

Table 6. Data for Gibbs free energy (ΔG
�
ads), surface coverage (θ) and equilibrium constant of adsorption (Kads) for ROSO

and ANL adsorption on 301SS, 304SS and 316SS.
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2.2.5. Optical microscopy analysis of 301SS, 304SS and 316SS morphology

The optical microscopy images of 301SS, 304SS and 316SS before corrosion and after the
corrosion test at 0, 0.25 and 1.5% NaCl are shown from Figures 6(a)–8(c) at mag. 40�. Figure 9
(a)–Figure 11(b) shows the images of 301SS, 304SS and 316SS after corrosion in the presence of
ROSO compound while Figure 11(a, b) shows the images of 304SS after corrosion in the
presence of ANL compound. Severe morphological deterioration is clearly visible on 304SS
(Figure 7(a–d)) due to the action of chloride and sulfate ions. At 0% NaCl (Figure 7(b)) the
serrated edges and lines on the steel surface are faintly visible due to corrosion. Significant
number of corrosion pits can be observed due to surface oxidation and release of metal cations
into the solution, though sulfate ions is solely responsible for these observations, however at
0.25% NaCl (Figure 7(c)) the number of corrosion pits have increased significantly and they
appear to be deeper due to the action of chloride ions. The corrosion pits in Figure 7(d) appear
to be smaller, while the surface morphology seems rougher then the image in Figure 7(c).
Results from potentiodynamic study shows the highest corrosion rate for 304SS at 1.5% NaCl,
thus it is suggested that the presence of excessive chloride ions in solution does not necessarily

Figure 6. Optical microscopy image 301SS at mag. 40� (a) before corrosion, (b) at 0% NaCl, (c) at 0.25% NaCl and (d) at
1.5% NaCl.
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mean more corrosion pits even though the general corrosion rate may be higher. There seems
to be a threshold level of chloride concentration responsible for the size of corrosion pits.

Corrosion pits are clearly absent from 301SS (Figure 7(b–d)) due to the resilience of its passive
film. What appears on its morphology (Figure 7(c)) seems to be shallow indentations and faint
appearance of the grain boundaries due to mild etching by the chloride ions. Figure 7(d) shows
a worn-out morphology compared to Figure 7(c) with the indentation larger and the grain
boundary much more visible. In general, the morphology of 301SS shows a highly resistant
steel to pitting. The morphology of 316SS remained unchanged or probably etched at 0% NaCl
(Figure 8(b)). In 0.25% NaCl, (Figure 8(c)) the surface morphology seems to have worn out
compared to Figure 8(b). These observations show the electrochemical action of chlorides and
sulfates have limited influence on the pitting corrosion resistance of 316SS. At 1.5% NaCl
(Figure 8(d)), significantly morphological deterioration occurred; the grain boundaries are also
faintly visible with numerous micro indentations. The morphologies of 301SS and 316SS at
1.5% NaCl (Figures 9(b) and 11(b)) in the presence of ROSO compound remained generally
the same even though there was significant improvement in the corrosion rate values from
potentiodynamic polarization test, however there seems to be mild improvement for the

Figure 7. Optical microscopy image 304SS at mag. 40� (a) before corrosion, (b) at 0% NaCl, (c) at 0.25% NaCl and (d) at
1.5% NaCl.
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Figure 8. Optical microscopy image 316SS at mag. 40� (a) before corrosion, (b) at 0% NaCl, (c) at 0.25% NaCl and
(d) at 1.5% NaCl.

Figure 9. Optical microscopy image 301SS in the presence of ROSO compound (a) at 0.25% NaCl and (b) at 1.5% NaCl.
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Figure 11. Optical microscopy image 316SS in the presence of ROSO compound (a) at 0.25% NaCl and (b) at 1.5% NaCl.

Figure 10. Optical microscopy image 304SS in the presence of ROSO compound (a) at 0.25% NaCl and (b) at 1.5% NaCl.

Figure 12. Optical microscopy image 304SS in the presence of ANL compound (a) at 0.25% NaCl and (b) at 1.5% NaCl.
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images in Figures 9(a) and 11(a). 304SS image (Figure 10(a)) showed significant increase in the
number of micro-pits despite improvement in general corrosion rate value from the corrosion
test. There appears to be smaller but more micro-pits compared to fewer but larger pits in
Figure 7(c), while Figure 10(b) showed no visible pits compared to Figure 7(d) in the presence
of ROSO. Comparing the observation on 304SS with Figure 12(a) and (b), the optical images of
304SS from the corrosive solution in the presence of ANL compound are quite different from
the images obtained in the presence of ROSO. There seems to be a remarkable improvement in
the morphology of 304SS at 0.25%NaCl/ANL compared to 304SS at 0.25%NaCl/ROSO. The
corrosion pits are significantly smaller and the steel surface is not as badly damaged like the
surface from ROSO compound. Quite the contrary observation was obtained for 304SS at 1.5%
NaCl/ANL compared to 304SS at 1.5%NaCl/ROSO. These observations show that chemical
compounds are specific in action during corrosion inhibition.

3. Conclusion

Chloride concentration in 2 M H2SO4 had strong electrochemical effect on the pitting corrosion
resistance and passivation behavior 301SS, 304SS and 316SS. 316SS showed the highest pitting
corrosion resistance with resilient passivation behavior while 304SS failed immediately after
anodic polarization in the presence of chlorides. The corrosion rates of the stainless steels
generally increased with increase in chloride concentration. ROSO compound significantly
reduced the corrosion rates of the stainless steels studied with notable improvement in their
potentiodynamic polarization and passivation behavior; however it had detrimental effect on
the pitting susceptibility of 304SS at lower chloride concentrations. ANL compound further
reduced the corrosion rates of the stainless steels with particular improvement in morphology
of 304SS but no changes in the potentiodynamic polarization and passivation behavior of
304SS was observed, hence limited pitting corrosion inhibition.
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