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Abstract
The corrosion behavior of two stainless steel electrodes with different chemical
compositions in different salt solutions of Cl¯ ions (NaCl, FeCl3 and HgCl2) was studied. The
corrosion behavior in 3.5% NaCl with and without different concentrations of two different
triazole derivatives, 3-amino-1, 2, 4 triazole (AT) and 4-amino-5-mercapto-1, 2, 4 triazole
(AMT) and Na2S2O3 (50 to 200ppm.) was studied. Open circuit potential measurements,
potentiodynamic cyclic anodic polarization (PCAP) and surface morphology techniques were
used in this study.
Obtained results showed that NaCl is more aggressive comparing with FeCl 3 and HgCl2.
As the concentration of sodium chloride increased, the (PCAP) curves indicated the presence
of pitting or crevice corrosion breakdown potential which sustained the increase of anodic
current density. The plots of pitting potential (Epit.), or protection potential (Ep) versus log
[Cl¯] at 25oC, for the two stainless steel electrodes were linearly decreased with the increase
of the logarithm of chloride concentration. Also the increase of scan rate increases the
localized pitting corrosion. The additions of sodium thiosulphate to 3.5% NaCl enhance
pitting corrosion as compared with that found in pure sodium chloride solution. On the
contrary, increasing concentration of (AT) and (AMT) in NaCl solution was found to greatly
enhance IE%. The adsorptive behavior of the investigated inhibitors on the steel surface
followed Langmiur-type isotherm. These results indicate the suitability of the use of the
investigated inhibitors. Electrode type (I) has a greater tendency for pitting than electrode
type (II) due to the percentage of nickel in electrode type (I) is half that of electrode type (II).

Introduction
Stainless steels have excellent corrosion resistance, which is principally due to
their high chromium content. Nickel in sufficient amounts also improves their
ductility and formability by making it possible for the austenitic structure to be
retained at room temperature. Molybdenum, when added to stainless steels,
improves corrosion resistance in the presence of chloride ions, whereas aluminum
improves high-temperature scaling resistance. Other elements added to improve
particular characteristics include copper, titanium, silicon, niobium, nitrogen,
sulphur and selenium (1, 2)
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The electrochemical behaviors of passive film of stainless steel under the
condition of static state and ultrasonic cavitation in the HCl solution indicate that the
passive film shows a multilayer structure distribution (3). The corrosion inhibition in
HCl solutions was studied in different types of steels. Derivatives of diazole,
triazole, quinolin, lactones; have been investigated for the corrosion of mild steel in
HCl at different concentrations using weight loss measurements, potentiodynamic
polarization and impedance spectroscopy methods (EIS). Generally, inhibition
efficiency of the investigated compounds was found to depend on the concentration
and the nature of the inhibitors (4-7).
Potentiodynamic polarization, (EIS) and weight loss studies were also carried out
on the inhibition of carbon steel in hydrochloric acid solution by the aqueous extract
of olive and bipyrazolic compounds (8,9). The bipyrazolic compounds act as mixedtype inhibitors while pyrazolic derivatives are cathodic-type inhibitors in HCl
solutions (10, 11).
Pickling of oxidized 304 stainless steels in single or multiple electrolytes was
investigated based on weight loss and corrosion potential measurements. A smooth
surface finish was obtained after an extended pickling in HCl, but some external
oxide scales remained (12, 13).
This work may throw some light on corrosion behavior of two types of
electrodes with different chemical composition in different Cl¯ solutions and to
evaluate corrosion inhibition.
Experimental
Electrodes:
Two electrodes of molybdenum alloyed stainless steel of special grades have
been tested. Typical values of their chemical compositions are given in Table (1).
Table (1): Chemical composition of the two types of electrodes
Samples
Electrode (I)

Si
1.27

Cr
18.72

Electrode (II)

0.56

17.28

Amount of Elements (%)
Mn
Fe
1.86
70.65
1.14

67.83

Ni
5.05

Mo
2.45

10.57

2.62

Pretreatment of samples:
Cylindrical electrodes with a working surface area of 0.68 cm2 were used.
Electrodes were enclosed in a holder which can be made in contact with the test
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solution. The electrodes were ground with emery paper and polished with diamond
paste (1μm); finally the samples were cleaned by bi-distilled water and ethyl
alcohol, and quickly inserted in the cell.
Electrolytes:
Analytical grade reagents were used in all experiments with bi-distilled water.
The used electrolytes were:
Different concentrations of inorganic salts solutions like NaCl, FeCl3 and HgCl2
(0.5 to 14.2%) and Na2S2O3 (50 to 200ppm.). Different concentrations of different
triazole derivatives, 3-amino-1, 2, 4 triazole (AT) and 4-amino-5-mercapto-1, 2, 4
triazole (AMT) in concentration range of (0.25 to 4%).
Techniques:
Open-Circuit Technique:
Open-circuit measurements were carried out in convinantional glass cell of
150ml solution. Potential was measured with respect to an external saturated
calomel electrode (SCE) interfaced to the test solution via a salt bridge.
The working electrode was immersed vertically in the test solution and the
potential was recorded as a function of time till steady state values were established.
The potential measurements were carried out at room temperature (25±2oC), using
electronic multimeter (Type Escord EDM-2116).
Potentiodynamic Cyclic Anodic Polarization:
Potentiodynamic cyclic anodic polarization (PCAP) were measured using
Autolab GPES 30 (General Purpose Electronically System, Eco Chemie B.V.,
Utrecht, The Netherlands). After attaining a steady rest potential (E corr.), the
electrode scanned at a rate of 1 mV/sec. Potential scan reversal was commenced at
an applied current density of approximately 0.3 mA./cm2.
Surface Morphology:
Once the cyclic anodic polarization curve is obtained the breakdown potential
Epit., and the protection potential Ep. were deduced. The working electrode is then
held at such a potential for at least one hour to enhance pitting corrosion, then the
electrode removed from the holder, cleaned, dried and investigated under a
metallurgical light microscope model (ASTM G46 Olympus Tokyo) to determine
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shape, size and pit depth. In determining the pit depth, the microscope is focused on
the lip of the pit, then on its bottom. The difference between the initial and final
readings on the fine focusing knob of the microscope is the pit depth. The
morphological micrographs were exposed at magnifications favored the purposes of
investigation.
Results And Discussion
I- Open circuit potential measurements:
The effect of chloride ion concentration on the open-circuit potential values
using different chloride media are shown in figures (1, 2). The concentrations of the
chloride solutions were, 3.5% NaCl, 5.4% FeCl3 and 14.2% HgCl2, containing the
same chloride ion percent.
Accordingly, the behavior can be classified into two different behaviors
depending upon the type of the electrode. The first behavior which represented by
the potential-time curves of electrode type (I) in all chloride test solutions, figure (1),
these curves exhibit a dissolution or segregation of alloying elements in a solution
and shooting of the potential to more positive values, being higher in FeCl3 and
NaCl, indicating the film formation and then the potential drops to more negative
value until the steady state potential is reached. The results in HgCl2 solution
indicated that the potential shifted from positive to the negative direction with time
until steady state potential is attained. The behaviors of all chloride solutions
indicate the dissolution and corrosion.
The second behavior, on the other hand, belongs to the stainless steel electrode
type (II) in all test solutions is recorded in figure (2). Inspection of these curves there
is a general tendency for the open-circuit potential to shift from positive to more
negative values than the initial potential, denoting the destruction of the preimmersion oxide film present on the surface of the electrode.
Most chloride test solutions promote corrosion of the two electrodes and the
extent of corrosion acceleration seems to depend on the nature of the test solution. It
is suggested that the order runs as follows:
NaCl > FeCl3 > HgCl2.
However, when stainless steels are exposed to environments containing certain
aggressive anions such as the chloride ion, the stability of the passive state is
impaired, and two localized forms of corrosion, known as pitting and crevice
corrosion can occur. The exact mechanism of this impairment or breakdown process
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is not known with certainly but is believed by many workers (14) to consist of a
potential –controlled adsorption reaction involving chloride ions and specific sites
on the metal surface. More specifically, when the condition of exposure are such that
a certain potential drop occurs across the metal/solution interface, it has been
proposed that the chloride ion displaces the passivating species at some locations
● 3.5% NaCl
□ 5.4%FeCl3
▲

E, V (SCE)

14.2%HgCl2

Figure (1): Potential– time curves of electrode (I) in different Cl- solutions.

● 3.5% NaCl
□ 5.4%FeCl3
▲

E, V (SCE)

14.2%HgCl2

Figure (2): Potential– time curves of electrode (II) in different Cl- solutions.
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and promotes local rapid anodic dissolution (presumably by either lowering the
dissolution over voltage or by initiating a different dissolution mechanism), thereby
resulting in a pit nucleus.
The general shift of open-circuit potential to more active values indicates the
attack of the base metal through the pores present in the oxide which represented by
the following equations (15):
3Fe + 4H2O = Fe3O4 + 8H+ +8e8e- + 8H+ + 12Fe2O3 = 8Fe3O4 + 4H2O
_________________________________
3Fe + 12Fe2O3 = 9Fe3O4
The general shift to noble direction points toward oxidation of Fe 3O4 to Fe2O3,
4Fe3O4 + 2H2O = 6Fe2O3 + 4H+ + 4e4e- + O2 + 2H2O = 4OH_________________________________
4Fe3O4 + O2 = 6Fe2O3
The high positive shift indicates the high amount of Fe2O3 present in the oxide
layer.
II- Potentiodynamic cyclic anodic polarization measurements:
A) Influence of chloride ions on the pitting corrosion of the two stainless steel
electrodes using different chloride media:
As it is clear from figures 3 and 4 and Table (2) the applied potential scans
beginning at Ecorr. and continuing in the positive (anodic) direction until a large
increase in current occurs. When the scan reaches a certain current value, it reverses
and begins scanning in cathodic direction. Generally, the reverse scans at a higher
current level than the forward scan. The size of the pitting loop served as indication
for pitting tendency; the larger the loop, the greater the tendency to pit.
It can be seen that the hysteresis loop is wide board in NaCl solution and its size
diminished in both FeCl3 and HgCl2. These results indicated that, NaCl is more
aggressive than FeCl3 and HgCl2 and that electrode type (I) has a greater tendency
for pitting than electrode type (II) due to the percentage of nickel in electrode type
(I) is half of electrode type (II). The results confirm that, the corrosion potential of
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stainless steels is dependent on the cation type. It is well accepted that pitting of
stainless steels is affected in two steps: one initiating step and one propagating step.
Most of the proposed mechanisms involve either an activating ion such as
chloride, penetrating and destroying the passive film locally, or the activating ion
being adsorbed at the metal/solution interface displacing the adsorbed passive layer
and thus destroying the passivity locally. The potential setup between the locally
disrupted film and the rest of the surface leads to anode formation and attack of the
metal at some points. In both mechanisms the adsorption of the anion is important.
The composition of the oxide film on the metal surface, which depends sensitively
on the production of steel, must also have a great influence on the adsorption (16).

Figure (3) Cyclic anodic polarization curves of electrode type (I) in (A) 3.5% NaCl, (B)
5.39% FeCl2 and (C) 14.126% HgCl2 solutions.

Figure (4) Cyclic anodic polarization curves of electrode type (II) in (A) 3.5% NaCl, (B)
5.39% FeCl2 and (C) 14.126% HgCl2 solutions.
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Table (2): The corrosion parameters of electrodes (I) and (II) in different chloride
solutions.
Ecorr.,V

Ep, V

Epit.,V

Medium
(I)

(II)

(I)

(II)

(I)

(II)

3.5%NaCl

-0.231

-0.259

-0.145

-0.163

0.456

0.227

5.4% FeCl3

0.179

0.172

0.179

0.166

--

0.356

14.2% HgCl2

0.242

0.284

--

--

--

--

B) Stainless steel electrodes in sodium chloride solutions:
Figures (5,6) represent the potentiodynamic cyclic anodic polarization (PCAP)
measurements for stainless steel type (I) and (II) in different concentrations of
sodium chloride solutions ranging from 0.5 to 5.5%, using scan rate 1mV/sec., in the
potential range from -600 to 1500 mVAg/AgCl at 25oC.
It is clear that the polarization curves have the same general features and
characterized by the appearance of active, passive and transpassive regions before
oxygen evolution. After the corrosion potential, the anodic current density starts to
increase to form the active region at low concentrations. The increase of the
potential in the positive direction leads to increasing of the anodic current, which
corresponds to the oxidation of iron to iron ions. With increasing the potential, a
passive film [Fe(OH)2, Fe3O4 and/or Fe2O3] can be formed(17). When the potential
moves towards more anodic, the current density starts to increase again, forming the
transpassive region before oxygen evolution. The current is raised suddenly without
any sign of oxygen evolution, at higher concentrations, denoting breakdown of the
passive layer, when the polarization potential reaches a certain critical potential
(Epit.).
The results obtained from figures (5, 6) show that at a low concentration of
sodium chloride (0.5%), there is a broad passive region with a passive current
density of 8.1×10-5 and 1.419×10-5 A/cm-2 for electrodes (I) and (II), respectively. It
is also observed that there is no sign for localized corrosion breakdown, until oxygen
evolution takes place with little hysteresis loop on the reverse anodic scan which is
attributed to the dissolution in the transpassive region (15, 18).
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Figure (5):Cyclic anodic polarization curves of electrode (I) in (0.5-5.5%) NaCl
solutions.

Log i

(A)

Figure (6): Cyclic anodic polarization curves of electrode type (II) in (0.5-5.5%) NaCl
solutions.

As the concentration of sodium chloride increased the PCAP curves indicated the
presence of pitting or crevice corrosion breakdown potential which sustained the
increase of anodic current density. The occurrence of the hysteresis loop is related to
the presence of aggressive solution formed inside the occluded area which maintain
when the potential was reversed. Therefore, it was clear that the increase in the
concentration significantly decreased the breakdown (pitting) potential and
protection potential values. The corrosion parameters are given in Table (3).
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As is clear from the table, corrosion potential Ecorr. decreased and corrosion
current Icorr., increased with increasing the sodium chloride concentrations for both
two types of electrodes. The pitting potential, Epit., was invariably more positive than
the protective potential, Ep.
Table (3): The corrosion parameters of electrodes I and II in different % of NaCl
solutions.
Alloy
Ecorr.
Ep
E pit. Icorr x10-7
Ip x10-6
Ipit. x10-4
NaCl %
type
V
V
V
A/cm2
A/cm2
A/cm2
0.5
-0.150
0.347
1.240
2.91
6.73
0.82
1.5
-0.192
-0.064
1.104
3.36
2.07
2.14
(I)
3.5
-0.231
-0.145
0.456
4.16
2.56
4.77
5.5
-0.426
-0.338
0.241
5.94
2.66
5.29
0.5
-0.141
0.053
1.82
2.15
0.14
0.499
1.5
-0.178
-0.067
0.455
1.92
2.24
0.14
(II)
3.5
-0.259
-0.163
2.45
2.88
0.16
0.227
5.5
-0.362
-0.259
0.138
2.82
2.88
0.17

Hysteresis loop is observed during the reverse anodic scan which indicates the
possibility of pitting. The pitting on the passive surface has been explained by a
competitive adsorption mechanism in which chloride ions moves to the metal/oxide
film interface at the metal surface. At a particular chloride concentration, a pitting
potential, Epit., develops which is sufficient to displace oxygen from the protective
oxide layer(19).
The relationship between pitting potential (Epit.), or protection potential (Ep)
and the logarithm of chloride ion concentration at 25oC, for stainless steel electrodes
type (I) and (II) is shown in figure(7). This figure revealed that both E pit. and Ep were
linearly decreased with increase of the logarithm of chloride concentration at 25 oC.
The linear dependence of both Epit. and Ep on log [Cl-] can be represented as:
E = α– β log [Cl¯]
Where; α and β are constants, dependent on the alloy composition and
environment. The values obtained for constant β are -1.0066 and -0.6144; -0.3601
and -0.2887 mV/decade for variation of Epit. and Ep for electrodes type (I) and (II)
respectively. The line of Ep versus log[Cl-] is displaced, in the negative direction,
from that for Epit. by 1.241 and 0.498V at low concentration for electrodes type I and
II, respectively, and this value decreased to 0.428 and 0.138V at high concentration
for two electrodes. This indicates that the initiated pitting corrosion on stainless steel
can continue to grow when the potential was reduced less than those values. It has
been reported that β values for different steels are dependent on the steel type and
aggressiveness of the environment (20, 21).
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Figure (7): Effect of chloride ion concentration on Ep and E pit
For electrode type (I) and (II).
□ Ep (I)
■ E pit. (I)
Δ Ep (II)
▲ E pit. (II)

Spectroscopic analysis of pit on electrodes after 1 hr. experiment in NaCl
solution, illustrates that, in 3.5% NaCl solution, an aggressive pitting attack with
larger number of pits was observed on the surface of electrode type (I) (Figure 8, A).
While electrode type (II) shows small pits which gathered to form large pit (Figure
8, B)
It was demonstrated that, in the case of austenitic stainless steel in NaCl solution,
covered pits are formed which have a very small orifice in the covering layer, often
not visible to the naked eye. Since such layers are rather thick, it seems likely that
they are composed of the original passive film together with stable corrosion
products deposited on the surface (22).

A

A

B

Figure (8): Spectroscopic analysis of pit on electrodes after 1 hr. experiment in 3.5%
NaCl solution, (A) electrode I and (B) electrode II.
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The oxide film has been improved by increasing nickel content in stainless steel
electrode (II) because of its ability to stabilize the phase (23). Molybdenum may
improve the oxide film by incorporation (probably as molybdates) into the structure
of the oxide film (24, 25). This may either change the electronic properties for instance
by reversing the ion selectivity (26-29) of the film making it more difficult for chloride
ions to migrate though it, or take part in enhancing the oxide film by increasing the
thickness (30). The possibility of any of these occurring is still being debated since the
existence of molybdenum in the oxide film is doubtful (31-33).
The probability of stable pitting is dependent on the probability of activating
sites capable of metastable pit growth and the probability of these metastable pits
attaining stability. From the results obtained from figures (5-8) and Table (3), both
these probabilities are higher in stainless steel electrode type (I) compared with type
(II) and can be said to be responsible for its susceptibilities to pitting.
Figures (9, 10) represent the PCAP curves of stainless steel electrodes type (I)
and (II) in 3.5% sodium chloride solution at different scan rate ranging from 0.5 to 2
mV/s.. The results show that increasing of scan rate leads to the increase of general
corrosion on two stainless steels. A linear relationship is obtained between the
anodic current peak (Ia) and the square root of the scan rate (V0.5), Figure (11), the
lines are passing near the zero value for (Ia) and scan rate. This indicates that the
anodic current peaks are due to the dissolution of stainless steel to form the passive
oxide layer and the dissolution process is controlled by the diffusion of the different
anions, chloride, hydroxide and O2- from the bulk of the solution to the
electrolyte/stainless steel interface. This is, in principle, consistent with the
participation of a diffusion process in the anodic reactions (34).
The corrosion parameters of stainless steel electrodes type (I) and (II) in 3.5%
sodium chloride solution at different scan rates; 0.5, 1 and 2mV/sec. are given in
Table (4). As can be seen from the table, corrosion potential, Ecorr., protection
potential, Ep, and pitting potential, Epit., values increases with increasing scan rate for
two electrodes. This indicates that the increase of scan rate increase the breakdown,
dissolution of passive film formed on the surface and consequently increases the
localized pitting corrosion.
The higher scanning rate gives rise to a higher active anodic dissolution peak,
which is shifted toward more noble potentials. As expected, the faster scan, the
higher the positive current and nobler pitting potential. Good reproducibility was
obtained with scan rate 1mV/sec.
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Figure(9):Cyclic anodic polarization curves of electrode type (I) in 3.5% NaCl solutions
with scan rate of: (A) 2mV/s (B) 1mV/s (C) 0.5mV/s.

Figure (10): Cyclic anodic polarization curves of electrode type (II) in 3.5% NaCl
solutions with scan rate of: (A) 2mV/s (B) 1mV/s (C) 0.5mV/s.

Figure (11): Anodic current peaks as a function of square root of scan rate
in 3.5% NaCl solution for electrodes type (I) and (II)
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Table (4): Corrosion parameters of electrode I and II in 3.5% NaCl, solutions with
different scanning rates SR.
SR mV/S
(I)

(II)

0.5
1.0
2.0
0.5
1.0
2.0

Ecorr.
V
-0.291
-0.231
-0.221
-0.281
-0.259
-0.258

Ep
V
-.0179
-0.145
0.537
-0.252
-0.163
0.328

Epit
V
0.235
0.456
1.120
0.201
0.227
1.050

Icorr.
A/cm2
4.21 E-7
4.16 E-7
2.15 E-7
1.08 E-6
2.45 E-7
19.9 E-7

Ip
A/cm2
1.95E-6
2.56E-6
1.57E-5
5.58E-7
2.88E-6
1.57E-5

Ipit
A/cm2
2.43E-5
4.77E-4
1.06E-4
4.69E-6
1.56E-5
2.90E-4

C) Effect of some additives to 3.5 % NaCl solution on the potentiodynamic cyclic
anodic polarization of stainless steel electrodes.
i- Effect of sodium thiosulphate additions:
Figures (12, 13) show the PCAP curves of stainless steel electrodes type (I) and
(II) in 3.5% sodium chloride solution with and without additions of different
concentrations of sodium thiosulphate, ranging from 50 to 200 ppm., using scan rate
1mV/sec. at 250C.
It is clear that, corrosion started in the form of pits, and proceeds as pitting
corrosion on the free surface. Thiosulphate which have a slow diffusion rate
increased the hysteresis loop and thus, increased the possible potential range of pits
to grow. The ability of thiosulphate pits to grow seems to be merely a function of
low repassivation potential rather than a function of low pitting potential (19). At the
potential where a rapid increase in current density occurred, a black corrosion
product was found to precipitate on the specimen surface. However, as the potential
was higher than 0.15V, the corrosion product disappeared. The results showed that
the current density decreased drastically at the early stage when the potential was
polarized at -0.2V.
The decreases in current density were associated with the formation of passive
film. Several current density peaks were found in the steady state region. These
peaks are believed to be associated with the formation of meta-stable or unstable pits
formed on the surface, which repassived rapidly.
From the results of Table (5), it is found that there is no significant change in the
corrosion potential values after the thiosulphate addition to NaCl solution, while
protection potential, Ep, and pitting potential, Epit., values decrease.
It is believed that thiosulphate ion reduced to S(ads.) and H2S(aq.) on the surface and
subsequently reacted with the dissociated Ni2+ to precipitate NiS. The sequence of
reactions is explained as following, at first, S2O32- was reduced to form S by the
following reaction (35):
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S2O32- + 6H+ + 4e- = 2S + 3H2O
This contributes to the significant increase in the anodic current density. S2O32might also undergo disproportional ion reaction to form H 2S and HSO3-.
S2O32- + H+ = S + HSO3-

E Ag/AgCl, V

Sulphur was further reduced and incorporated with H+ to form H2S which
eventually reacted with the dissolved Ni2+ to precipitate NiS according to the
following reactions (36):
S + H+ + 2e- = H2S
Ni2+ + H2S = NiS(ads.) + 2H+

E Ag/AgCl, V

Figure (12): Cyclic anodic polarization curves of electrode type (I) in 3.5% NaCl
solutions with (50-200ppm) Na2S2O3 solutions.

Figure (13): Cyclic anodic polarization curves of electrode type (II) in 3.5% NaCl
solutions with (50-200ppm) Na2S2O3 solutions.
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It was also possible that the pre-existing metal oxide MO reacted with H2S to
form sulfide in accordance with the following reaction:
MO + H2S = MS + H2O
At potentials greater than 0.15V, the transformation of NiS to form Ni(OH) 2 is
occurred.
Furthermore, in sodium chloride solution, the addition of sodium thiosulphate,
enhanced pitting corrosion as compared with that found in pure sodium chloride
solution (37, 38). Although thiosulphate anions alone have not been found aggressive
enough to cause damage to stainless steel, they have been shown to act in synergy
with other common ions, such as chloride or sulphate to cause severe localized
corrosion (39). Whether the synergistic effect of Cl- and S2O32- still exists on pitting
corrosion of a more pitting resistant high Cr austenitic stainless.
It is also found that there is a limited range of S2O32- ion concentration around
0.1M Na2S2O3 at which the pitting potential of stainless steel is significantly lower
than that recorded in pure chloride solution, while lower and higher concentrations
of thiosulphate added to chloride have the same effect on pitting potential, Epit.,
which interpreted on the basis that an insufficient sulpher layer is formed at low
concentration of S2O32- while the small effect of high concentration may be due to
the retardation of the pit propagation process because of the preferential
electromigration of S2O32- in the pit(19).
Therefore, the effect of thiosulphate on localized corrosion has been explained in
two different ways: 1- thiosulphate is reduced to elementary sulpher S0 , which
adsorbed on bare metallic surface preventing passivation, or 2- thiosulphate is
reduced to hydrogen sulfide which catalyses the anodic dissolution of stainless steel.
Surface morphology illustrated that in the presence of the chloride-thiosulphate
mixture, stronger pitting attack is observed and the pit is greater than that obtained in
pure chloride this attributed to the synergistic effect of thiosulphate with chloride
causing pitting corrosion. On the other hand, the pits formed in chloridethiosulphate, are deeper, larger and more elongated than those formed in pure
chloride as shown in Figure (14). It is clear from the figure that the pits formed are
quite shallow, and sometimes two pits are joined together to form more extensive
local attack and they are visible to the naked eye.
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Table (5): The corrosion parameters of electrode I and II in 3.5% NaCl
containing (50-200 ppm.) sodium thiosulphate solutions.
Alloy type

(I)

(II)

0

Ecorr.
V
-0.231

Ep
V
-0.145

Epit.
V
0.456

50

-0.268

-0.145

0.575

100

-0.263

-0.190

0.564

150

-0.263

-0.196

0.545

200

-0.266

-0.205

0.535

Wt. of S2O3-- ppm.

0

-0.259

-0.163

0.227

50

-0.278

-0.210

0.217

100

-0.290

-0.219

0.212

150

-0.246

-0.120

0.201

200

-0.255

-0.220

0.181

A

B

Figure (14): Spectroscopic analysis of pit on electrodes after 1 hr. Experiment in
3.5% NaCl + Na2S2O3 solution, (A) electrode I and (B) electrode II.

ii- Study of the efficiency of 3-amino-1, 2, 4-triazole (AT) as inhibitive species
towards pitting corrosion of stainless steel:
Figures (15,16) represent the PCAP measurements for stainless steel electrodes
type (I) and (II) in 3.5% sodium chloride solution with and without additions of
different concentrations of 3-amino-1,2,4-triazole(AT) using scanning rate
1mV/sec. in the potential range from -600 to 1400 mVAg/AgCl at 25oC. The
corrosion parameters of stainless steel electrodes and inhibition efficiency, I.E% are
given in Table (6).
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E Ag/AgCl, V

Figure (15): Cyclic anodic polarization curves of electrode type (I) in 3.5% NaCl
solutions with 0.5-2%AT inhibitor.

Figure (16): Cyclic anodic polarization curves of electrode type (II) in 3.5% NaCl
solutions with 0.5-2%AT inhibitor.

From the experimental results obtained, it is found that at good conditions, the
hysteresis loop observed during the reverse anodic scan which indicates the
possibility of pitting corrosion is diminished as the concentration of aminotriazole
added to 3.5% NaCl is increased. It is clear that the cathodic reaction (hydrogen
evolution) is inhibited and inhibition increases as the inhibitor concentration
increases. Values of protection potential, pitting potential and inhibition efficiency
are increased as the concentration of aminotriazole (AT) added to 3.5% NaCl
increased for type I and II; while corrosion potential and corrosion current decreased
for both electrodes. The diminishing of hysteresis loop and increasing of the
corrosion parameters indicate that AT has a much more significant effect. This
implies that the corrosion inhibition is due to the presence of amino group in the
molecular structure.
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The AT inhibitory action may be attributed to the formation of a thick and
relatively compact film at the stainless steel surface. An attempt was made to
correlate AT electrochemical behavior and its molecular structure. Nevertheless, no
N-substituted 1, 2, 4-triazole type organic compound present a planar structure and
tend to exist in different tautomeric forms resulting from the non-localized hydrogen
of the triazole cycle(40, 41). In this case the four tautomeric forms are:

The adsorption of the protonated form of AT is favored by the attractive
interaction between the Cl- anions adsorbed and the cations of inhibitor. When the
different models of AT adsorption are considered, the following models are
possible:

The flat model (a) is stable and preferred since the covered fraction of surface is
high, even at low concentrations, and thus explains the cathodic effect of the AT.
This adsorption model is favored by establishing “donor-acceptor” links between the
empty d-orbital of iron and the pairs of free electrons on the nitrogen atoms and by
the electrostatic interactions between NH3+ and the adsorbed Cl- anions on the
surface. The increase in surface coverage with increase in concentration of AT may
be illustrated by the following representation (42):
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In this case two pictures of the surface may be investigated; i) a fraction of the
surface is covered by adsorbed AT molecules with cathodic and anodic
sites(represented by area c), ii) the non-covered surface (represented by area d) is in
direct contact with the electrolyte. On this fraction of electrode surface the hydrogen
reaction occurs, confirming the non-modification of their mechanism upon the
addition of AT.
The adsorption of AT, which gives rise to excellent corrosion inhibition must
necessarily be followed by molecular stacking on the surface. This lead to the
establishment of a stable and relatively thick 3D inhibition layer as follows:

Therefore, it is concluded that the AT acts as cathodic inhibitor and the cathodic
corrosion inhibition of AT is interpreted by partial blocking of the electrode surface
due to adsorption of protonated species according to the Langmuir isotherm on the
surface. Hydrogen reduction occurs on the electrode surface which is not covered by
the AT film.

Table (6): The corrosion parameters of electrode I and II in 3.5 % NaCl containing
different % of AT inhibitor.
Ip
A/cm2
2.56E-6

Ipit.x10-5
A/cm2
47.70

1.48

4.82E-6

10.70

64.42

0.768

1.39

4.65E-6

7.88

66.59

0.788

1.08

3.26E-6

5.31

74.04

0.141

1.040

0.92

3.14E-6

3.98

77.79

-0.259

-0.163

0.227

2.45

2.88E-6

1.56

--

-0.192

-0.119

0.425

1.01

8.49E-7

1.05

58.78

1.0

-0.257

-0.118

0.444

0.98

2.02E-5

1.08

59.88

1.5

-0.263

-0.111

0.512

0.76

3.49E-6

1.61

68.90

2.0

-0.286

-0.114

0.545

0.66

3.24E-6

1.02

72.98

0.0

Ecorr.
V
-0.231

Ep
V
-0.145

Epit.
V
0.456

0.5

-0.245

-0.145

0.741

1.0

-0.273

-0.109

1.5

-0.284

-0.094

2.0

-0.291

0.0
0.5

AT %

(I)

(II)

Icorr.x10-7
A/cm2
4.16

I.E%
--
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Figure17: Spectroscopic analysis of pit on electrodes after 1 hr. experiment in 3.5%
NaCl +2% AT
solution A) electrode I
B) electrode II

E Ag/AgCl, V

iii- Study of the efficiency of 4-amino-5-mercapto-1, 2, 4-triazole, (AMT) as
inhibitive species towards pitting corrosion of stainless steel:
Figures (18and19) show the effect of different concentrations of 4-amino-5mercapto-1,2,4-triazole (AMT) on the electrochemical behavior of stainless steel
electrodes in 3.5% sodium chloride solution, using scan rate 1mV/sec. at 25 oC.
Increasing concentration of AMT increases protection potential, pitting potential
and inhibition efficiency values for the two electrodes, indicating the pitting
corrosion inhibition (Table 7). AMT decreased corrosion current significantly in all
the concentrations added. Both the anodic and cathodic current densities are
decreased indicating that AMT suppressed both anodic and cathodic reactions. This
suggested a mixed-type control and AMT mainly acts as a mixed type inhibitor in
3.5% NaCl.

Figure (18): Cyclic anodic polarization curves of electrode type (I) in 3.5%
NaCl solutions with 3.5-1%AMT inhibitor.
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Figure (19): Cyclic anodic polarization curves of electrode type (II) in 3.5%
NaCl solutions with 3.5-1%AMT inhibitor.
Table (7): Corrosion parameters of electrode I and II in 3.5 % NaCl containing different
% of AMT inhibitor.
Ep
Epit
Icorr.x10-7
Ipx10-6
Ipit.x10-5
AMT % Ecorr.
I.E%
2
2
V
V
V
A/cm
A/cm
A/cm2
0.00
-0.231
-0.145
0.456
4.16
2.56
47.69
-0.25
-0.309
-0.110
1.070
2.69
6.50
3.22
35.36
(I)
0.50
-0.284
-0.104
1.180
1.37
6.93
2.63
67.07
1.00
-0.338
0.451
1.190
1.21
9.40
4.85
70.91
0.00
-0.259
-0.163
0.227
2.45
2.88
1.56
-0.25
-0.255
-0.187
0.423
1.01
3.07
3.39
58.78
(II)
0.50
-0.236
-0.181
0.496
0.97
2.21
2.55
60.20
1.00
-0.276
0.571
0.681
0.92
2.95
8.11
62.45

Figure 20 represents the spectroscopic analysis of pit on the two electrodes after
1 hr. experiment in 3.5% NaCl with 1% AMT solution. Inhibition of corrosion of
stainless steel in NaCl solution by the amino-mercapto-triazole can be explained on
the basis of adsorption on the metal surface. This can occur directly on the basis of
donor-acceptor interaction between the lone pairs of the heteroatom and the
extensively delocalized -electrons of the mercapto-triazole molecule and the vacant
d-orbital of iron surface atoms (43). Moreover, the presence of mercapto compound in
the organic structure makes the formation of d-d bond resulting from overlap of
3d electrons from Fe atom to the 3d vacant orbital of the sulpher atom possible,
which enhances the adsorption of the compounds on the metal surface. The
compound inhibits the pitting corrosion by controlling both anodic and cathodic
reactions. AMT is able to adsorb on anodic sites through N and S atoms,
heterocyclic and aromatic rings which are electron donating groups. The adsorption
of this compound on anodic sites may decrease anodic dissolution of stainless
steel(44).
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Figure(20): Spectroscopic analysis of pit on electrodes after 1 hr. experiment in 3.5%
NaCl +1% AMT solution A) Electrode I
B) Electrode II
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Comparison of the curves plotted for stainless steel in 3.5% NaCl solution with
and without 1.0% AT and AMT inhibitor species show that AT and AMT shifted the
pitting and protection potentials to the noble direction and diminished the hysteresis
loop of the reveres scan in the PCAP curves (Figure 21, 22).

E Ag/AgCl, V

Figure (21): Cyclic anodic polarization curves of electrode type (I) in 3.5%
NaCl solutions with 1% AT and AMT inhibitors.

Figure (22): Cyclic anodic polarization curves of electrode type (II) in 3.5% NaCl
solutions with 1% AT and AMT inhibitors.
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From Tables (6,7), it is clear that the inhibition efficiency calculated is decreased
in the order AMT > AT. The lesser value of inhibition efficiency for AT as
compared to AMT can be attributed to the lower electron densities around the
chemisorptions center. It is also found that the pitting potential and protection
potential shifted to more anodic values. From the experimental results, it is
concluded that the inhibitive properties of such triazole derivatives depend mainly
on the electron densities around the adsorption center and the molecular size. So, the
introduction of strong electron donating groups in the triazole heterocycle or the
replacement of hydrogen atom on the mercapto substituent by alkyl or aryl groups
may result in more corrosion inhibitions.
The variation of inhibition effect of AT and AMT in 3.5% NaCl solution for
stainless steel electrode type (I) and (II) may be due to the change in the composition
of two electrodes. The inhibition efficiency values indicate that electrode type (I) is
more inhibited and influence by the effect of both AT and AMT while electrode type
(II) still more activated in chloride solution with triazoles additions. The increase of
the Ni percent in the electrode type (II) may be increase the probability of
dissolution of the complex layer formed between the stainless steel surface and
inhibitor.
The micrograph reveals that AT and AMT are adsorbed on the surface of the two
electrodes forming a good protective film present on the stainless steel surface. This
confirms the highest inhibition efficiency of the two inhibitors.
As a result, AT and AMT can be used as inhibitors for stainless steel in sodium
chloride solution to reduce the aggressiveness of the chloride medium in which the
additive inhibitors improve the surface conditions of two stainless steel electrodes.
Also the visual investigation (by using normal camera) of pits on electrodes type
(I) and (II) after the corrosion testes in previous all test solutions are shown in
figure (23).
Electrode
Type

3.5% NaCl

3.5% NaCl
+ 200 ppm. Na2S2O3

3.5% NaCl
+2%AT

3.5% NaCl
+2%AMT

(I)

(II)
Figure (23): Visual investigation of pit on electrode type (I) and (II) after 1hr
experiment.
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Table (8): Metallographic examination of electrodes I and II
Medium
Electrode type
Number of
pits/cm2
Maximum pit
depth in m

3.5%NaCl

3.5%NaCl+
200ppm.Na2S2O3
(I)
(II)

3.5%NaCl+
2%AT
(I)
(II)

3.5%NaCl+
1%AMT
(I)
(II)

(I)

(II)

15

7

20

18

2

1

1

1

6

4

12

11

2

1

2

1

data in Table 8 confirm that the number of pits and maximum pit depth in case of
electrode (I) is greater than that in electrode type (II) which is in agreement with the
results obtained by using potentiodynamic cyclic anodic polarization.
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