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Abstract

This paper focuses on studying the pitting corrosion
tendency of austenitic stainless steels (SS 316 L and NIT
60) and carbon steel (API 5 LX 60) in the presence of
elemental sulfur. The pitting corrosion tendency of alloys
was studied by using cyclic polarization technique at two
different temperatures with and without elemental sulfur.
Surface morphology and corrosion products formed on
the exposed coupons were analyzed by scanning electron
microscopy (SEM) and energy dispersive X-ray (EDX). It
was found that the temperature played major role on
pitting corrosion of alloys in presence of elemental sulfur.
SS 316 L gave high pitting resistance than other tested
alloys (NIT 60 and API 5 LX 60).
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Introduction
Sour gas fields have increasingly been explored and

developed during the last decade due to the increasing energy
demands [1]. Elemental sulfur deposition due to several
chemical and physical facts indicates possibility of dissociation
of hydrogen sulfide or polysulfide to produce elemental sulfur.
Therefore dissociated elemental sulfur start to deposit in the
form of small particles and adheres to the internal surface of
pipelines. Elemental sulfur naturally acts as a cathode to the
steel pipe due to the difference in their potential. An active
electrochemical cell will be established as soon as free water
or conductive condensates pass over the deposited elemental
sulfur particle. When this happens, an accelerated localized
corrosion will take place and initiate a pit [2-4]. The
progression of this pit will be very unlikely to be arrested even
if corrosion inhibitor is injected into the system [5]. Therefore,
a leak of toxic and flammable gases will be expected in such
location. The most common location for elemental sulfur

deposition in natural gas transmission pipelines is immediately
downstream of a point of pressure reduction which is also
associated with temperature reduction [5]. Elemental sulfur
(S8) reacts with water at temperatures of greater than 80°C,
resulting in significant acidification of the corrosion solution
[6] as shown in Equation 1.

S8+8H2O→H2SO4+6H2S (1)

The previous experimental results also showed that steel
was corroded severely when it has a direct contact with wet
elemental sulfur at salt free conditions [7,8]. The most of
researchers reported the gravimetric method to predict the
elemental sulfur corrosion for natural gas pipeline application
[6]. There is a limited publication on electrochemical methods
to predict the pitting tendency of alloy in presence of
elemental sulfur.

The aim of this paper is to use of cyclic polarization
technique to study the pitting corrosion tendency of austenitic
stainless steels (SS 316 L and NIT 60) and carbon steel API 5 LX
60 in presence and absence of elemental sulfur, with particular
emphasis on detection of temperature effects, and
identification of formed corrosion products.

Experimental Procedure
GAMRY Interface 1000 was used for all electrochemical

experiments. The electrochemical cell included a saturated
calomel electrode (SCE) as a reference, a platinum counter
electrode and the test sample as working electrode. The
exposed surface area of the working electrode was 1 cm2.
Open circuit potential and cyclic polarization experiments
(ASTM Standard G 61) were conducted to determine the
pitting tendency of the studied alloys in 3.5% sodium chloride
solution with and without elemental sulfur. To study the
temperature effect at low and high temperatures, 25°C and
80°C were selected in presence of three different steels
namely: SS 316 L, NIT 60 and API 5 LX 60. The chemical
compositions of the studied alloys are listed in Table 1. The
elemental sulfur (about 0.5 gm) was deposited on the polished
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tested coupons by heating it slightly above its melting-point
(115°C - 120°C) then pouring it onto the coupon surface.

Table 1 Chemical composition of tested alloys.

Alloys Cr Ni Mn Mo Si N C P S Cu

SS 316 L 16-18 14 Max 2 Max 3 Max 0.75 0.01 Max 0.03 0.045 Max 0.03 Max

Nitronic 60 16-18 9 Max 9 Max 0.75 4.00 0.08-0.18 0.10 0.04 0.01 0.75 max

API 5 LX.60 0.3 0.03 0.03

The elemental sulfur deposited working electrode coupon
was assembled in a glass autoclave electrochemical cell. The
test solution (3.5% NaCl) was deaerated using nitrogen gas
during the test period of 7 days and the open circuit potential
was measured for entire test period. Cyclic polarization scan
was then initiated at the end of the incubation period at scan
rate of 0.125 mV/sec.

After the cyclic polarization experiments, Corrosion
potential (Ecorr), Pitting potential (Epit), Repassivation potential
(Erp), overall pitting resistance (ERP), and corrosion current
(Icorr) values were obtained from the cyclic polarization curves.
The tested coupons were removed after terminating the tests
and characterized using scanning electron microscopy (SEM)
and energy dispersive X-ray analysis (EDX). Corrosion products
were then removed by treatment with Clarke solution [9] and
the localized attack of the tested corrosion coupons were
mapped by 3D DIKTAK surface profilometer. Finally, the overall

pitting resistance value was calculated using the following
formula

Overall pitting resistance(ERP)=Repassivation potential(Erp)-
Corrosion potential(Ecorr)

Results and Discussion
Cyclic polarization measurements were performed in order

to determine the tendency of the tested samples to undergo
localized pitting corrosion with and without elemental sulfur at
25°C and 80°C when placed in 3.5% NaCl solution. The derived
electrochemical data from cyclic polarization experiments
namely; Corrosion potential (Ecorr), Pitting potential (Epit),
Repassivation potential (Erp), overall pitting resistance (ERP),
and corrosion current (Icorr) values of each tested alloys at 80°C
and 25°C, are presented in Tables 2 and 3 respectively.

Table 2 Electrochemical data of various steels in 3.5% NaCl at 80°C.

Alloy Elemental Sulfur (gm) Ecorr(mV) Epit(mV) Erp (mV) Overall Pitting Resistance ERP=Erp-
Ecorr

Icorr(µA/cm2)

SS 316 L 0 -265 111 -256 9 0.02

SS 316 L 0.5 -218 103 -454 -236 0.01

NIT 60 0 -253 -13 -268 -15 0.01

NIT 60 0.5 -581 NA NA NA 20

API 5 LX 60 0 -904 NA NA NA 3.5

API 5 LX 60 0.5 -985 NA NA NA 22

Table 3 Electrochemical data of various steels in 3.5% NaCl solution at 25°C.

Alloy Elemental Sulfur
(gm) Ecorr (mV) Epit (mV) Erp (mV)

Overall Pitting
Resistance ERP=Erp-

Ecorr

Icorr (µA/cm2)

SS 316 L 0 -300 421 -297 3 0.01

SS 316 L 0.5 -204 338 -400 -196 0.01

NIT 60 0 -222 177 -280 -58 0.02

NIT 60 0.5 -581 39 -365 -222 0.01

API 5 LX 60 0 -869 NA NA NA 0.3

API 5 LX 60 0.5 -726 NA NA NA 400
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Electrochemical behavior of SS 316 L
Figure 1a and 1b show the cyclic polarization curves

obtained in the deaerated 3.5% sodium chloride solution at
25°C and 80°C. Both the tested temperatures, SS 316 L showed
the passive region, where the passive range decreased in
presence of elemental sulfur, indicating that the passive
properties of the films slightly degraded as the temperature
increased. Furthermore, the overall pitting resistance value of
SS 316 L (ERP) at 25°C (Table 3) with sulfur was more negative
(-196 mV) than in the absence of sulfur system (3 mV). It
indicated that SS 316 L was not able to reform the passive film
during the reverse scan (Figure 1b) at 80°C. There was no
much change in the corrosion current (Icorr) values in presence
and absence of sulfur at both 80°C and 25°C.

Figure 1 Cyclic polarization curves of SS 316 L with and
without sulfur at (a) 80°C (b) 25°C in 3.5% NaCl solution.

The morphologies of the pits also showed a significant
change at high temperature in presence of elemental sulfur, as
shown in Figures 2 and 3.

Figure 2 Optical microscope and profilometer images of SS
316 L at 80°C.

Figure 3 Optical microscope and profilometer images of SS
316 L at 25°C.

Stainless steel surfaces are generally rendered passive by
formation of a surface oxides layer. This layer depends on the
effective concentration of chromium, nickel and molybdenum
at the surface of the metal phase [10]. Damaging or destroying
the passive layer will result in pitting and shifting the corrosion
potential [11]. For instance, the tested austenitic stainless steel
samples (SS 316 L and NIT 60) showed nobler potential
compared to carbon steel API 5 LX 60.

There are three mechanisms of pitting corrosion has been
discussed [12,13] that focus on (1) passive film penetration (2)
film breaking (3) adsorption. Scattered and isolated pits
(Figures 2 and 3) were observed in the control substrate (i.e.,
without sulfur, blank) at both temperatures (80°C and 25°C)
while in the presence of elemental sulfur, the morphology of
the developed pits were changed to cover all the exposed
area. The measured deepest pit was 247 µm and the width
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was 1.8 mm at 80°C. Examining the tested coupon at 80°C
after terminating the experiment with elemental sulfur
deposition confirmed the reaction of elemental sulfur with the
substrate. The collected SEM images (Figures 4 and 5) revealed
the presence of iron and sulfur on the substrate, whereas,
sodium chloride crystal deposition on the SS 316 L coupons
surface in blank experiment.

Figure 4 SEM images of SS 316 L, NIT 60 and X 60 alloys at
80°C.

Figure 5 SEM images of SS 316 L, NIT 60 and X 60 alloys at
25°C.

Electrochemical behavior of NIT 60
On the other hand, the elemental sulfur deposition on NIT

60 shifted the corrosion potential to more negative potential
at 80°C (-581 mV) compared to the control sample (-253 mV).
It indicated that the passive film was completed disturbed by
elemental sulfur (Figure 6a). Furthermore the cyclic
polarization curve exhibited different behavior at lower
temperature as illustrated in Figure 6b. Based on hysteresis
loop and overall pitting tendency value (ERP) of NIT 60,
presence and deposition of elemental sulfur on the substrate
resulted in greater pitting tendency than in the absence of
elemental sulfur (Figure 6b, Tables 2 and 3). There was clear
indication on pitting potential value change in presence of
sulfur system at both temperatures. At 25°C, the pitting
potential of NIT 60 was decreased from 177 mV to 39 mV

without and with sulfur respectively. Such behavior might be
attributed to the lower content of the Nickel and Molybdenum
alloying elements in NIT 60 alloy [14]. The corrosion current
(Icorr) increased from 0.01 µA/cm2 to 20 µA/cm2 in presence of
sulfur added system at 80°C. But in the case of 25°C data,
there was no much change in the corrosion current. It reveals
that the temperature plays a major role on dissolving the
passive film on the NIT 60 substrate by sulfur hydrolysis
reaction [6].

Figure 6 Cyclic polarization curves of NIT 60 with and
without sulfur at (a) 80°C (b) 25°C in 3.5% NaCl solution.

Less dense scattered pits were observed in the control NIT
60 substrate (blank) while in the presence of elemental sulfur,
the morphology of the developed pits covered larger areas.
The measured deepest pit was 108 µm and the width was 2.2
mm at 80°C. SEM/EDS diagnostic detected copper leaching at
the grain boundaries in the blank sample (Figures 4 and 7) at
80°C. Iron and sulfur peaks were also observed in presence of
elemental sulfur with NIT 60 system (Figures 4 and 8).
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Figure 7 Optical microscope and profilometer images of NIT
60 at 80°C.

Figure 8 Optical microscope and profilometer images of NIT
60 at 25°C.

Electrochemical behavior of API 5 LX-60
There was no passive layer due to the absence of effective

concentrations of passivation alloying elements in case of
carbon steel API 5 LX-60. Cyclic polarization curves at the
tested temperatures indicated the active corrosion process in
both systems with and without sulfur. The deposited elemental
sulfur at 80°C reacted with carbon steel substrate and shifted
the open circuit and resulted in increasing the current density
(Figure 9 and Table 3). The corrosion potential of API 5 LX 60
was moved to lower potential in presence of elemental sulfur
(-985 mV) compared to absence of sulfur system (-904 mV). In
general, reactivity of the deposited elemental sulfur and the
corrosion current densities increased at elevated temperature.
There was no passive layer and it clearly indicated the active
corrosion process in both the system (with and without sulfur),
where the corrosion current density increases with increasing
potential (Figure 9 and Table 2).

Figure 9 Cyclic polarization curves of API 5 LX-60 with and
without sulfur at (a) 80°C (b) 25°C in 3.5% NaCl solution.

The corrosion current was increased significantly in
presence of elemental sulfur at 25°C compared to 80°C (3rd

order difference) in NaCl solution. The substrate suffered from
general corrosion in the control substrate while in the
presence of elemental sulfur, the damage mechanism shifted
to severe localized corrosion covering all the exposed area
(Figures 10 and 11). In presence of sulfur, the measured
deepest pit was 487 µm (shallow pit) at 80°C experiments. Iron
and oxygen peaks were noticed in carbon steel API 5 LX 60
substrate without sulfur system (Blank, Figures 4 and 5). Iron
and sulfur peaks were noticed on API 5 LX 60 substrate in
presence of sulfur added system.
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Figure 10 Optical microscope and profilometer images of
API 5 LX-60 at 80°C.

Figure 11 Optical microscope and profilometer images of
API 5 LX-60 at 25°C.

Discussion
From the above results, the corrosion potential of API 5 LX

60 was moved to more negative potential compared to other
tested stainless steels (SS 316 L and NIT 60). The temperature
plays a major role on pitting corrosion of the tested alloys in
presence of elemental sulfur. The major observations from the
cyclic polarization experiments at two different temperatures
can be summarized as follows: a rapid decrease in pitting
potential with NIT 60 at 80°C, An increase in corrosion current
densities and significant changes in pit morphologies with
increasing temperature. However, there was not much change
in pitting potential with SS 316 L at 80°C. It indicates that SS
316 L has more pitting resistance than NIT 60 at 80°C. In case
of API 5 LX 60, the higher corrosion current was observed at
25°C than 80°C. The pitting corrosion tendency of the tested
alloys increases with increasing temperature (80°C) compared
to room temperature (25°C). It was reported that the
elemental sulfur enhances the corrosion processes at high
temperature through sulfur hydrolysis reaction [6].

3D profilometer studies of stainless steels (SS 316 L and NIT
60) and carbon steel API 5 LX 60 with and without sulfur
system (Figures 10 and 11) exhibited that the pit depths were
very high in presence of sulfur added system. The corrosion
damage mechanism changed with increasing temperature
from a uniform attack to severally localized one. Among the
three different alloys, carbon steel showed the highest level of
shallow pit corrosion attack on the substrate.

Elemental sulfur corrosion process with water was described
as autocatalytic in carbon steel [3,7,14,15]. Smith et al.
reported that the dry solid sulfur does not produce corrosion
of carbon steel [16]. It is only when moisture is present that
sulfur induces corrosion. In addition, pH of the solution,
temperature and presence of chlorides are significant
contributors to the corrosion of steels in S-containing
environments [6,17-21]. Temperature plays major role on
sulfur corrosion reaction through sulfur hydrolysis [7]. The
present study also confirmed that temperature played a major
role on elemental sulfur corrosion of steels in presence of
elemental sulfur through sulfur hydrolysis. Sulfur hydrolysis
was higher at high temperatures [6,22]. Smith et al. reported
that direct contact between steel and elemental sulfur is
necessary for catastrophic corrosion to occur [23]. It can be
seen that in the presence of chlorides and elemental sulfur
there is a limiting temperature for each alloy that is largely
related to the Molybdenum content [24]. The corrosion
reactions in presence of elemental sulfur are as follow:

Oxidation
Fe(s)→Fe2+

(aq)+2e- (2)

Reduction
S(s)+2e- →S2-

(aq) (3)

Overall
Fe2++S2-→FeS(S) (4)

In summary, SS 316 L showed better pitting resistance than
other tested two alloys (NIT 60 and API 5 LX 60). It might be
due to the high concentration of Mo, Ni in SS 316 L austenitic
steel [11]. The pitting resistance ranking of tested alloys: SS
316 L>NIT 60>API 5 LX 60.

Conclusion
The current work investigated the effect of elemental sulfur

on the pitting corrosion tendency of three different steels in
3.5% sodium chloride solution. The results indicate that:

1. Successfully demonstrated the use of cyclic polarization
technique to predict the pitting corrosion tendency of three
different steels in presence and absence of elemental sulfur.

2. SS 316 L showed higher pitting resistance than other two
tested steels. The pitting resistance of alloys: SS 316 L>NIT
60>API 5 LX 60
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3. Iron and sulfur peaks were observed as a passive film in
presence of sulfur experiments in all three tested alloys at
both temperatures. Cyclic polarization data demonstrated
good agreement with the calculated pitting resistance
equivalent number (PREN) for the studied alloys.

4. The temperature played major role on pitting corrosion of
alloys in presence of elemental sulfur (Sulfur hydrolysis).
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