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Abstract—The electrochemical behaviour and inhibitor protection of 2-amino-5-ethyl-1,3,4-thiadiazole
(TTD) on the pitting corrosion of austenitic stainless steel (type 304) in dilute sulphuric acid solution con-
taminated with recrystallised sodium chloride was evaluated with the aid of potentiodynamic polarization
method. TTD greatly reduced the corrosion rate of the steel with a corrosion inhibition efficiency ranging
from 88.99—87.36%. The corrosion potential, pitting potential, repassivation potential, nucleation resis-
tance, passivation range and repassivation capacity measurements and potentiodynamic studies were applied
to assess the steel’s pitting resistance characteristics and behaviour in the acid chloride media. Results showed
that pitting potential values increased with addition of TTD compound in conjunction with increase in the
passivation range which strongly indicating increased electrochemical resistance to pitting corrosion.
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INTRODUCTION

Corrosion induced damage on metallic alloy and
stainless steels are a major problem to industrial pro-
duction and operating facilities and equipments due to
metal degradation and insidious attacks such as pitting
corrosion. These results in production loss, costly
maintenance and high operating cost. In addition,
leaks of process fluids may also lead to unacceptable
health and safety hazards, risk of damage to the envi-
ronment, as well as the associated clean-up costs. All
of these expenditures can have a huge financial impact
to the operating company. The corrosion resistance of
stainless steel is due to the formation of a strong adher-
ent, compact and continuous oxide film of chromium
on the steel surface. In aqueous acid solutions the pas-
sive film is basically of duplex nature, consisting of a
chromium-rich inner barrier oxide layer and iron-rich
outer deposited hydroxide or salt layer [1—10]. The
passive films are vulnerable to localized attack espe-
cially at regions of flaws or defects by corrosive ions
such as chlorides, sulphates, thiosulphates, bromides
etc eventually leading to pitting corrosion and inten-
sive structural damage.

Breakdown of the passive film from pit initiation
occurs at a critical potential called pitting potential,
E,;.. This is one of the important parameters that typify
the susceptibility of stainless steel to pitting corrosion.
Significant number of attempts has been done to

! The article is published in the original.

investigate the pitting of stainless steel [11], however
most of the theoretical assumptions suggests that chlo-
ride ions diffuses through the passive films before film
breakdown upon reaching the metal/film interface.
The pitting processes can be divided into two, the first
passive film breakdown and the consequent metal sub-
strate dissolution. Generally pitting corrosion is
invariably the most destructive form of corrosion espe-
cially due to difficulty in predicting its occurrence. As
complexity of the corrosive environment increases,
the accuracy of the determinant parameters for pitting
corrosion evaluation decreases. The corrosion process
occurs in a series of steps beginning with the initiation
stage which itself is a product of various phenomena
that are mainly properties of the solution and those of
the metal [12—17].

Aqueous sulphuric acid solutions containing chlo-
rides have been employed in the investigation of the
passivation behaviour of stainless steel [18—21], due to
the combined action of the aggressive ions and high
reproducibility of the pitting corrosion parameter (the
pitting potential £, the repassivation potential E,),
thus providing standard environment for pitting corro-
sion evaluation. Inhibitor performance is based its
capacity to anodically influence the pitting potential
higher potential [22]. Thus this investigation aims to
evaluate the pitting corrosion inhibition of 2-Amino-
5-ethyl-1, 3, 4-thiadiazole on the electrochemical
behaviour of austenitic stainless steel in dilute sulphu-
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Fig. 1. Chemical structure of 2-amino-5-ethyl-1, 3, 4-thi-
adiazole (TTD).

ric acid, contaminated with recrystallised sodium
chloride.

EXPERIMENTAL PROCEDURE
Material

Commercially available Type 304 austenitic stainless
steel was used for all experiments of average nominal
composition; 18.11% Cr, 8.32% Ni and 68.32% Fe. The
material is cylindrical with a diameter of 18 mm.

Inhibitor

2-Amino-5-ethyl-1, 3, 4-thiadiazole (TTD) a col-
orless, solid flakes obtained directly from SMM
Instrument, South Africa, is the inhibitor used. The
structural formula of TTD is shown in Fig. 1. The
molecular formula is C, H; N5 S, while the molar mass
is 129.18 g mol~'.

TTD was prepared in concentrations of 0.125,
0.25, 0.375, 0.5, 0.625 and 0.75% respectively.

Test Media

3 M sulphuric acid with 3.5% recrystallised sodium
chloride addition of Analar grade were used as the cor-
rosion test media.

Preparation of Test Specimens

The cylindrical stainless steel (18 mm dia.) was
mechanically cut into a number of test specimens of
dimensions in length ranging from 17.8 and 18.8 mm
coupons. The two surface ends of each specimen were
ground with Silicon carbide abrasive papers of 80, 120,
220, 800 and 1000 grits. They were then polished with
6.0 um to 1.0 um diamond paste, washed with distilled
water, rinsed with acetone, dried and stored in a dessi-
cator for linear polarization test.

Linear Polarization Resistance

Linear polarization measurements were carried out
using, a cylindrical coupon embedded in resin plastic
mounts with exposed surface of 254 mm?. The elec-
trode was prepared with specific grades of silicon car-
bide paper, polished to 6 um, rinsed by distilled water
and dried with acetone. The studies were performed at
ambient temperature with Autolab PGSTAT 30 ECO
CHIMIE potentiostat and electrode cell containing
200 ml of electrolyte, with and without TTD. A graph-
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ite rod was used as the auxiliary electrode and silver
chloride electrode (SCE) was used as the reference
electrode. The steady state open circuit potential
(OCP) was noted. The potentiodynamic studies were
then made from —1.5 V versus OCP to +1.5 mV versus
OCP at a scan rate of 0.00166 V/s. The corrosion cur-
rent density (/) and corrosion potential ‘observed’
(E,,;) were determined from the Tafel plots of poten-
tial versus log current. The corrosion rate (R), the
degree of surface coverage (6) and the percentage inhi-
bition efficiency (%/E) were calculated from equa-
tion (1) as follows

0.00327 x I..,,, x Eq

corr

D o))

Where I, is the current density in uA/cm?, D is
the density in g/cm?; Eq is the specimen equivalent
weight in grams;

The percentage inhibition efficiency (%IE) was
calculated from corrosion rate values using the equa-
tion (2).

R =

%IE = 1—[13_1 x 100, )
Rl

where R1 and R2 are the corrosion rates in absence
and presence of inhibitors, respectively.

Scanning Electron Microscopy Characterization

The surface morphology of the uninhibited and
inhibited stainless steel specimens was investigated
after the corresponding weight-loss analysis in 3 M
H,SO, solutions using Jeol scanning electron micro-
scope for which SEM micrographs were recorded.

RESULTS AND DISCUSSION
Polarization Studies

Potentiostatic potential was cursorily examined
—1.5 Vto +1.5 V vs. Ag/AgCl at a scan rate of
0.00166 mV s~! for equilibrium state analysis. The
effect of the addition of TTD on the anodic and
cathodic polarization curves of austenitic stainless
steel (type 304) in 3 M H,SO, solutions was studied at
ambient temperature. Figure 2a—g shows the polariza-
tion curves of the stainless steel in absence and pres-
ence of TTD at specific concentrations in 3 M H,SO,
while Fig. 3 shows the relationship between inhibition
efficiency (% IE) and inhibitor concentration for
TTD.

TTD adsorption on austenitic stainless steel is non-
dependent on its percentage concentration in the acid
solution due to the instantaneous electrochemical
action and impact of the organic compound, obstruct-
ing the electrolytic diffusion of corrosive anions onto
the steel at the concentrations studied. There was a
significant decrease in corrosion rate in the acid solu-
tions, but the electrochemical parameters varied dif-
ferentially from 0% TTD concentration, indicating
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Fig. 2. (a—g) Polarization Curve of austenitic stainless steel (0—15% TTD) in 3 M H,SOy,.

TTD influence on the electrochemical process
responsible for corrosion degradation. Changes in the
cathodic and anodic Tafel constants with TTD con-
centrations contrast the control concentration with-
out TTD addition, signifying suppression of redox

reactions responsible for corrosion reaction mecha-
nism through the surface inhibiting effect of the com-
pound. The electrochemical behaviour of TTD is
based on adsorption and formation of a compact bar-
rier film on the steel electrode surface. This is justified
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Fig. 2. (Contd.).

from the values of corrosion current and corrosion
current density when compared to the values of the
control concentration of 0% TTD.

Observation of Table 1 shows the displacement of
the corrosion potential towards less noble potentials
variably with increase in TTD concentration, thus
passivation of iron. This is further confirmed from the
corrosion rate values. The observation can also be
attributed to electrolytic deposition of TTD cations on
the stainless steel in the form of crystalline white pre-
cipitates due to interaction between the functional
component of the inhibitor molecule and the steel sur-
face. This effectively protects the steel surface against
further electrochemical corrosion reactions. TTD
showed cathodic inhibiting characteristics in the acid
solution based on the corrosion potential displace-
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Fig. 3. Relationship between %/E and inhibitor concen-
tration for polarization test in 3 M H,SOy.

ment, an indication of its tendency to inhibit the
cathodic reactions of the corrosion process.

The electrochemical variables such as, corrosion
potential ‘observed’ (E,,,), corrosion current (i),
corrosion current density (/_.,,), cathodic Tafel con-
stant (bc), anodic Tafel constant (ba), surface coverage (0),
Pitting potential (£,;) and percentage inhibition effi-
ciency (%IF) were calculated and given in Table 1,
while Nucleation resistance (NR), repassivation
capacity (RC) corrosion potential ‘calculated’ (E,.,,)
and passivation range are shown in Table 2. The corro-
sion current density (/,,,) and corrosion potential
‘observed’ (E,.,,) were determined by the intersection
of the extrapolating anodic and cathodic Tafel lines.
% 1E was calculated from Eq. (3)

= ———%. A3)

R1 and R2 are the corrosion current densities in
absence and presence of TTD respectively.

The maximum displacement of E_ . values at —61 mV
in the cathodic shows the inhibitor to be theoretically
mixed but yet overwhelmingly a cathodic type from
the E,,. values (Table 1). The mechanism of corrosion
inhibition is most probably due to surface kinetic elec-
trochemical process which inevitably results in diffu-
sion control of the corrosive ions. In the acid solutions
the values of anodic and cathodic Tafel constants of
the control specimen (0%) differs greatly from speci-
mens with TTD addition, thus TTD, influences redox
electrochemical process despite its strong affinity for
cathodic inhibition reactions. The corrosion current
density is also changed with TTD addition.
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Table 1. Data obtained from polarization resistance measurements for austenitic stainless steel in 3 M H,SO, at specific

concentrations of TTD

S Inhibitor ba, be, ‘ Eeom ’ Lors . Corrosion Rp, Inhil?ition
ample ono | Videc | Videe |0V ajem? | feor A nlfﬁaf/ey’r Q/em? | PHCENY
A 0 0.364 0.242 0.343 9.35E-03 | 2.38E-02 9.602 1.61E+00 0
B 0.125 0.079 0.15 0.34 1.03E-03 | 2.62E-03 1.057 1.97E4+00| 88.99
C 0.25 0.029 0.074 0.326 1.03E-04 | 2.61E-04 1.053 3.52E4+00| 89.03
D 0.375 0.191 0.078 0.282 1.20E-04 | 3.05E-04 1.233 2.12E4+00| 87.16
E 0.5 0.157 0.113 0.332 1.20E-03 | 3.05E-03 1.233 2.52E4+00| 87.16
F 0.625 0.033 0.082 0.336 1.38E-04 | 3.51E-04 1.419 3.37E4+00| 85.22
G 0.75 0.089 0.091 0.332 1.18E-03 | 3.01E-03 1.214 1.17E4+00| 87.36
Table 2. Potentiostatic Values of Austenitic stainless steel in 3 M H,SO,/ TTD percentage concentrations
Inhibitor | $Orrosion o o . .
sample| Concentra- | LOeRL, | poencar v | Repasivation | Pusiation | Nucleation | Repusaion
tion, % E ’ ’ & ’ pacity,
corr
A 0 —0.036 1.278 0.511 0.767 1.314 0.547
B 0.125 —0.811 1.264 —0.372 1.636 2.075 0.439
C 0.25 —0.612 1.307 —0.177 1.484 1.919 0.435
D 0.375 0.014 1.322 0.561 0.879 1.367 0.488
E 0.5 —0.748 1.278 —-0.319 1.597 2.026 0.429
F 0.625 —0.807 1.239 —0.367 1.606 2.046 0.44
G 0.75 —0.118 1.288 0.292 0.996 1.406 0.41

Pitting Corrosion Analysis of Austenitic
Stainless Steel in 3 M H,50,

The pit nucleation resistance NR (E;—E,,,), pas-
sivation range PR (E;—F,.,) and repassivation capac-
ity RC (E,—Eor) can be considered to be a measure
of the susceptibility of alloys to pitting corrosion.
Alloys exhibiting higher values of nucleation resis-
tance and lower values of repassivation capacity are
more resistant to pitting corrosion. The values of NR
and RC are shown in Table 2. It is observed that the
values of NC increased with increased in concentra-
tion of TTD, while the values of RC decreased propor-
tionately. This proves that TTD increases the pitting
corrosion resistance of the stainless steel in the harsh
acidic solution. The corrosion inhibiting property of
TTD to resist pitting corrosion is due to its influence on
the electrochemical behaviour of the steel specimen and
competitive reaction and adsorption onto the steel sur-

face at the expense of corrosive anions (S Oi_ and CI7).

Nucleation occurrence is due to the creation and
evolution of metastable pits. These pit forms and
develop for short period before repassivation, at
potentials well beneath the pitting potential and dur-
ing the induction time before the onset of stable pitting
at potentials above the pitting potential. Nucleations
symbolize the breakdown and repassivation of the pas-
sive film and occur extremely rapidly. Current increase
depicts the initiation and progression of pits while the
instantaneous decrease represents repassivation and
pit termination. Specific accumulation of chloride
complexes results in the formation of meta-soluble
precipitate on the metal surface. This hampers the sta-
bility of the passive film at lower to higher potentials.
The sequential hysteries in current value depict the
sequential breakage and formation of occlusions dur-
ing metastability which increases the porosity of the
covering.

The presence chloride concentration excercebated
the inhibiting action of TTD thus affects the values of
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NR and CR respectively. This further confirms the
impact of chlorides to the stainless steel because when
the chloride content increases the capacity for the
stainless steel to repassivate at lower potentials
decreases. The difference between NR and CR for the
polarization curves shows the passivation range on.
The presence of a high concentration of adsorbed
chloride ions at these sites will of course prevent fur-
ther growth of the passive film and result in the estab-
lishment of active pits.

TTD wields strong influence on the potentiostatic
behaviour of austenitic stainless steel in sulphuric acid
as shown in the sharp contrast between Figs. 2a and 2b.
The strong absorption characteristics of TTD delayed
specimen failure after transpassivity due to second
passivation, a phenomenon not observed before. This
is due to the ability of TTD to delay the onset of corro-
sion by inhibiting the action of corrosive ions at high
potential, thus inhibiting pit formation. It is under-
stood that pit form due to the reactivity of chloride and
sulphate ions in a redox process at potentials well
below the threshold value. But with the addition of
TTD at 0.125% a two stage passivation occurs. TTD
formed strong covalent bonds through its functional
groups and heteroatoms thus inhibiting the surface
kinetics and diffusion responsible for corrosion.

It has been proven that TTD is a cathodic inhibitor
in 3 M H,SO, thus its adhesion to the steel surface is at
specific cathodic sites sufficiently strong and stable at
high potentials necessary to induce pitting. The sec-
ond passivity phenomenon observed in Fig. 2b—2f is
most probably due to TTD being able to reform its
protective barrier/repassivate the steel slowing down
the cathodic reaction or selectively precipitating on
cathodic areas to increase the surface impedance and
limit the diffusion of reducible species to these areas.
This also in effect helps to prevent cathodic depolar-
ization. The insoluble precipitate is responsible for the
second passivity phenomenon. The process occurs at
the transpassive region where stable pitting propagates
but instead of complete specimen failure the material
repassivates and sustains passivity until higher poten-
tials at which critical pitting takes places as a results of
electrolytic reactions that breaks down the covalent
bonding between the metal surface and TTD.

The pitting potential values (E;), for austenitic
stainless steel in 3 M H,SO, + TTD percentage con-
centrations is shown in Table 2. The E,, value
increased sharply with increasing TTD concentration
from sample A (0% TTD), reaching its peak at 0.375%
TTD before slightly declining to 0.75% TTD. Obser-
vation of these results shows the influence of TTD on
the pitting corrosion resistance of metals samples.
Addition of TTD significantly increased the potential
at which pitting occurs, thus delaying pit formation.
The repassivation potential and passivation range are
also worth noting. With the exception of samples D
and G (0.375% and 0.75% TTD), addition of TTD
reduced the potential at which repassivation occurs
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i.e. the potential at which metastable pitting ceases
and passivity restored. The passivation range, nucle-
ation resistance and repassivation capacity values are
parallel to the values of repassivation potential.

The results shows a material upon which TTD is
capable of altering the electrochemical process of cor-
rosion whereby the pitting potentials increased to
more noble values and the repassivation potentials
decreased to less noble values, these in effect increases
the tendency of the material to nucleate and withstand
pitting corrosion. At E,,, the initiation of pitting
could be ascribed to the forced breakdown the cova-
lent bonding between TTD and the metal surface. The
precipitate formed cracks and there is a diffusion of

SO?[ /CI1~ ions at some locations, thus penetrating it

under high electric field across the film and accelerate
localized anodic dissolution.

The SEM micrographs of the stainless steel speci-
men surfaces before and after immersion in the acid
media with and without TTD are shown in Fig. 4a—
4d, respectively. Figure 4a and 4b shows the steel sam-
ple before immersion, the lined surface with serrated
edges is due to machining during sample preparation.
Figure 4c shows the steel surfaces after 360 h of
immersion in 3 M H,SO, without TTD addition,
while Fig. 4d shows the steel surface in the acid media
with TTD addition. A rough porous surface is observed
in Fig. 4c; macro and micro pits coupled with a badly
corroded topography of the stainless steel surface are
observable. This is due to destructive electrochemical
reactions of chloride and sulphate ions resulting in the
breakdown of the passive film of chromium oxide.

Figure 4c reveals a rough surface with large pits and
cracks along the grain boundary at high magnification.
The pit contains an unusual high content of sulphur
and chloride atoms, proving them responsible for pit
formation. The corrosion attack of the steel specimen
is most probably a result of competitive adsorp-
tion/diffusion, whereby the anions move into the
metal/liquid interface of the steel surface and dis-
places the species. They initiate and enhance the rate
of iron diffusion into the solution. This is responsible
for the uneven topography on the steel most especially
at sites with flaws and inclusions. The corrosion is also
observed to occur along the grain boundary due to its
susceptibility to corrosion.

These pits are surrounded by iron oxide layer which
almost fully covers the stainless steel surface, revealing
that pit formation under these conditions occur con-
tinuously during the exposure period while iron oxide
builds up over the surface. Most pits often grow with a
porous cover which makes visual detection extremely
difficult. The excess chromium occurs during active
dissolution whereby chromium is enriched on the sur-
face due to preferential dissolution of iron into the
acid solution. Adsorption of the negatively charged
anions causes an excess negative charge to build up on
the steel surface leading to cations (protonated TTD
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Spectrum 2

Fig. 4 SEM micrographs of: a—Austenitic stainless steel, b—Austenitic stainless steel, c—Austenitic stainless steel in 3 M

H,S0,4, d—Austenitic stainless steel in 3 M H,SO,4 with TTD.

molecules) adsorption on the steel surface due to elec-
trostatic attraction. This is responsible for the SEM
image in Fig. 4d. The protective film is in the form of
solid white crystalline precipitates which strongly
adhered to the steel through chemisorption mecha-
nism. These precipitates prevents diffusion of chlo-
rides/sulphates and Fe?*.

CONCLUSION

Potentiodynamic polarization tests on pitting cor-
rosion behaviour of austenitic stainless steel (type 304)
in dilute sulphuric acid with recrystallised sodium
chloride addition in the presence of 2-amino-5-ethyl-
1, 3, 4-thiadiazole inhibiting compound showed that
the pitting corrosion potential (E;), of the steel
increased significantly with increase in concentration
of TTD. In the presence of the inhibiting compound
the steel was far less vulnerable to pitting corrosion in

comparison to results from the control sample without
TTD addition. The pitting corrosion susceptibility sig-
nificantly decreased proportionately with increase in
concentration of TTD.
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