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ABSTRACT

The pitting corrosion behavior of type 304 stainless steel in 200 ppm chloride
solution in the presence and absence of thiosulfate ions was studied using cyclic
polarization and potentiostatic polarization methods. Three-electrode cell arrangement
was designed and constructed to ensure crevice-free test conditions for the measurement
of pitting and repassivation potentials. The influence of temperature and thiosulfate ion
concentration on pitting was investigated. It was found that the presence of thiosulfate
combined with chloride ions led to a notable decrease in corrosion resistance of tested
steel. Moreover, the deleterious effect of thiosulfate ion addition was confirmed by
measurement of passive current density and the repassivation potential. At 0.5 to 1.5
chloride/thiosulfate ion ratio, thiosulfate had a remarkable effect on repassivation
potential and the passive current density, particularly at ClI/S,0s% ratio of 1.5. The role
of chloride was to initiate corrosion pits, whereas thiosulfate increases the possible
potential range of corrosion pits to grow by lowering the repassivation potential.

KEYWORDS: Thiosulfate; Repassivation Potential; Passive Current Density; Stainless
Steel; Pitting Potential
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INTRODUCTION

Austenitic stainless steels are widely used as a material of construction in chemical,
petrochemical, desalination and many other industries due to their good formability and
corrosion resistance in particular [1,2]. However, they do fail by localized corrosion
attack under certain condition and in presence of aggressive anions such as chlorides and
thiosulfates. Over the years, many failure incidences have been reported in the literature
in the presence of theses aggressive anions [3-5]. Similar to other aggressive anions such
as chlorides, bromides and hypochlorites, thiosulfate ions are known as corrosion
promoters of many important structural materials such as stainless steel. For instance,
thiosulfate ions had bad effects on equipment in oil and petrochemical systems because
sulfur and chloride ions present in crude oil with relatively high concentration. The
corrosion behavior of stainless steel in chloride solutions containing thiosulfate ions has
been extensively studied since early eighties [6-9]. The influence of major factors which
affect the pitting corrosion behavior of type 316 stainless steel in thiosulfate solutions
with presence & absence of various concentration of chloride ions was studied by
Almarshad and Jamal [10]. They found that type 316 austenitic stainless steel is more
susceptible to pitting corrosion at higher (S20s*) concentrations. Using cyclic
polarization scans and a novel technique known as contact electric resistance, Laitinen
[11] was able to prove the enhanced anodic dissolution of type 304 stainless steel caused
by thiosulfate solutions. He further added that thiosulfate and chloride ions have a
synergistic effect in inducing localized corrosion of stainless steel. In a recent study
carried out by Zakeri and co-workers [12] it was reported that the pitting & repassivation
potentials decrease with thiosulfate addition due to significant drop in the critical
concentration of cations within single corrosion pits on 316 stainless steel surface.

Most of the above mentioned studies were conducted in industrial environments
found in pulp & paper or in hydrometallurgy processing of gold or aluminum metals.
However, the action of thiosulfates does not seem to be restricted to these cases.
Thiosulfate ions do exist in refinery, chemical & petrochemical, nuclear power and
agricultural industries as well. In a review paper on the role of thiosulfate in the corrosion
of steels, Choudhary, MacDonald and Alfantazi [13] reported that four main forms of
corrosion that have been observed in the presence of thiosulfate ions in solutions. These
are: pitting, stress corrosion cracking [14] corrosion fatigue [15] and crevice corrosion
[16]. All these types of corrosion are localized; thus dangerous and frequently lead to
equipment failure under a wide range of service conditions. It is well known that stainless
steel material, most often, fail by localized forms of corrosion. Also, thiosulfate (S203%)
ions exist together with other corrosive anions such as chlorides and sulfates. Therefore,
this study attempts to investigate the effect of temperature and thiosulfate content of
chloride-containing solutions on susceptibility of 304 stainless steel to pitting corrosion
using cyclic and potentiostatic polarization methods. Data compilation on stainless steel
corrosion behavior in thiosulfate-containing environments prevailing in oil refinery
systems is required to make material selection much more informative.

EXPERIMENTAL

This study was conducted in chloride solutions in which thiosulfate salts were
intentionally added to simulate industrial environments. In particular, those found in
refinery equipment. It is required to investigate the effect of temperature and thiosulfate
content of chloride-containing solutions on susceptibility of 304 stainless steel to pitting
and repassivation behavior. The specimens were small discs 24 mm in diameter, 10 mm
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thick. The surface preparation involved grinding on emery paper down to grade 1000,
then ultrasonic cleaned in distilled water. Finally, specimens were rinsed in acetone and
dried in air. The working surface of the specimen was partially masked with an anti-acid
tape leaving 1 cm? exposed area. Test solutions were prepared from reagent grade
chemicals and distilled water.

All electrochemical experiments were carried out in a conventional three-
electrode glass cell with a saturated calomel electrode (SCE) as the reference electrode
and a graphite rod as the counter electrode. The working electrode (sample) was in the
shape of a disc 24 mm in diameter, 10 mm thick mounted in PTFE sample holder. All
potentials were measured against the saturated calomel electrode. Specimens were first
polarized to -250 mV versus corrosion potential (Ecorr) for 15 seconds conditioning, then
cyclic polarization scan was started below Ecorr to vertex potential and then back to final
potential at a scan rate of 0.1 mV/s. No IR-drop compensation was used during test run.
Pitting potentials were determined to be the potentials where the current density exceeds
100 pA/cm?. Repassivation potentials were determined to be the point where the
hysteresis loop was completed and the reverse scan crossed the forward scan.

RESULTS and DISCUSSION
Effect of S20s> on Corrosion Potential:

The upper curve of Figure (1) illustrates the open circuit potential of 304 stainless
steel in 200 ppm chloride solution at 30 °C. The lower curve in the same figure is the
corrosion behavior diagram of the thiosulfates-containing solution, i.e, 200 ppm CI" plus
0.1 M S,03? solution at 30 °C. In both curves, the corrosion potential (Ecorr) shifts rapidly
in the active direction at the beginning of measurement. Following this rapid shift, Ecorr
remains fairly constant indicating the approach to a steady state process. By the end of
measurement, Ecorr approaches -95 mV (SCE) in thiosulfate-free electrolyte and about -
330 mV/(SCE) in chloride plus thiosulfate solution. This shift of stainless steel corrosion
potential in the active direction means greater tendency for corrosion since the passive
film is destabilized.
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Figure 1: Effect of thiosulfate ions addition on open circuit potential of 304 stainless steel
at30°C
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A comparison between the steady state corrosion potential of tested steel in both
solutions clearly shows that Ecor Of thiosulfate-containing solution is less noble than Ecor
of thiosulfate-free electrolyte. In other words, a metal sample with higher corrosion
potential value means that its corrosion protection is better than a sample with lower Ecorr
value. Thus, adding S,03%to electrolytic solution makes it more aggressive to stainless
steel surface.

This corrosion behavior persists at other test temperatures; namely 50 and 70 °C as
shown in Figure (2) and in Figure (3).

Table (1) shows the magnitude of shift in corrosion potential as a result of adding 0.1 M
Na2S,03?" to the 200 ppm chloride solution.
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Figure 1: Effect of thiosulfate ions addition on open circuit potential of 304 stainless steel
at30°C
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Figure 2: Effect of thiosulfate ions addition on open circuit potential of 304 stainless steel
at 50 °C

Journal of Engineering Research  (University of Tripoli) Issue (28)  September 2019 34



-100.0 mV

-2000my -

-3000mV -

4 (200 ppm Cl- plus 0.1M S203) at 70 oC

4000my - + (200 ppm CH) at T0oC

E (OCP) mV (SCE)

S

5000my - ‘wﬂwmmﬂw
S

-600.0my.
0.000s 100.0s 20005 3000 40008 3000s 600.0s

Time (seconds)

Figure 3: Effect of thiosulfate ions addition on open circuit potential of 304 stainless steel
at70°C

The data in Table (1) also show the effect of temperature on the stability of passive
layer formed on 304 stainless steel because the temperature has an influence on both
anodic and Catholic processes occurring on metal surface. As temperature decreases, Ecorr
shifts to less negative potential values indicating better resistance of the passive layer at
lower temperatures.

Table 1: Effect of temperature on corrosion potential of 304 stainless steel

Open circuit potential (mV)

T (°C) 200 ppm CI 200 ppm CI" + 0.1M S,04 AE (mV)
30 -86 -332 246
50 -266 -380 114
70 -282 -496 214

Cyclic Polarization Scans:

The cyclic polarization scan of tested steel in 200 ppm chloride solution at 50 °C
is shown in Figure (4). Starting from -250 mV below corrosion potential, the graph
displayed an active/passive behavior with an average passive current density of 15
nA/cm?. The most active potential where a considerable increase in passive current
density (ip) observed on the forward scan denotes the formation of stable non-
repassivating pits and is referred to as pitting potential (Ep). In Figure (4) the measured
value of Ep was equal to 451 mV (SCE). Pitting potential is a measure of how resistant
the material against pitting corrosion. A high value means a high resistance to pitting. E;
is the potential value where the stable pitting stage is reached and depends on many
parameters such as chloride concentration, surface finish, temperature and pH of solution.
The potential where the reverse and forward scans intersect is referred to as the protection,
or repassivation (Eprot. OF Erp ) potential. In this measurement, E, = -80 mV(SCE). A
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negative hysteresis loop of this graph signifies active or stable pits growing between
vertex potential of 1.5 V(OCP) and repassivation potential of -80 mV/(SCE).
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Figure 4: Cyclic polarization scan of 304 stainless steel in 200 ppm chloride solution at 50 °C

When thiosulfates ions (0.1 M S,03%) were added to the chloride solution, the
cyclic polarization test results of 304 stainless steel are presented in figure (5). Here, the
presence of a negative hysteresis loop signifies a material suffering some degree of pitting
due to reaction between reduced sulfur species with Ni and/or Fe ions at the metal
electrolyte interface; this result is similar to Tsai and Wong findings [5]
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Figure 5: Cyclic polarization scan of 304 stainless steel in 200 ppm chloride plus 0.1 M
thiosulfate solution at 50 °C

Effect of Temperatures on Critical Pitting Potentials:

A set of experiments were done to evaluate the effect of temperature on stainless
steel corrosion behavior in chloride-containing environment. Thus, cyclic
potentiondynamic polarization measurements were carried in solutions containing 200
ppm CI" at 30, 40, 50, 60, 70 and 80 °C. The measured pitting (Ep) and repassivation or

Journal of Engineering Research  (University of Tripoli) Issue (28)  September 2019 36



protection (Erp) potentials are given in Table (2) and are graphically displayed in Figure
(6). Pitting or breakdown potentials were taken at a current density of 200 pA/cm?

Table 2: Effect of temperature on critical potentials of 304 stainless steel in 200 ppm
chloride solution

Critical pitting potentials, mV (SCE)
Temperature (°C)
Ep Erp
30 645 12
40 489 -33
50 490 -79
60 414 -110
70 339 -239
80 330 ND
ND: not determined; experimental difficulties
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Figure 6: Critical pitting potentials of 304 stainless steel in 200 ppm chloride solution at
different temperatures

As can be seen in Figure (6), temperature influences both pitting and repassivation
or protection potentials. The general trend is that as the temperature increases, both pitting
and repassivation potentials of 304 stainless steel decrease. However, the effect of
temperature on critical potentials is quite similar, i.e, both potentials were affected in the
same manner for this steel. This can be explained by the temperature effect on the
solubility of chloride salts which hydrolyze to create an aggressive environment. The
higher the temperature, the higher the solubility and more aggressive is the environment
inside pits. Thus, lower repassivation and/or pitting potentials. Also, the temperature rise
affects the diffusion and ions transport involved in the pitting process.

Effect of thiosulfate on repassivation potential

The measured values of the repassivation potentials for 304 stainless steel, at
different temperatures between 30 and 70 °C, are reported in Table (3). These potential
values are inferred from the cyclic polarization curves; a sample of which is presented in
Figure (7).
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Table 3: Independent measurement of repassivation potentials in thiosulfate and chloride-
containing environments

Temperature(°C) Repassivation potential, mV(SCE)
in chloride in thiosulfate AE (mV)
30 12 -325 337
40 -33 -374 341
50 -79 -255 176
60 -110 -400 290
70 -239 -300 61

As can be seen in Table (3) the main effect of thiosulfate is lowering the
repassivation potential (Erp). At 30 °C, the repassivation potential is 12 mV(SCE) in
presence of chloride anions whereas the repassivation potential in presence of thiosulfate
anions is -325 mV(SCE), a margin of more than 300 mV. According to Duret-Thual and
co-workers (17) thiosulfate is not thermodynamically stable species. If localized
breakdown of the thin film on the stainless steel surface result in exposing bare metal
surface to the electrolyte, thiosulfate may be reduced to sulfur species. Thus, thiosulfate
is able to prevent repassivation of the active stainless-steel surface and may stabilize
metastable pits initiated.

The effect of thiosulfate on the corrosion behavior of 304 stainless steel can also be
seen in Figure (7). Here, the average values of the passive current density in presence &
absence of thiosulfate ions can be identified. In chloride-containing environment, the
average value of the passive current density is about 10 to 20 pA/cm? whereas the average
passive current density in thiosulfate-containing environment is over 400 pA/cm?. A
higher passive current value means higher corrosion rates under similar temperatures.
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Figure 7: Cyclic polarization scan of 304 stainless steel at 50 oC, in presence & absence of
thiosulfate ions
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CONCLUSIONS

n the present study, the electrochemical corrosion behavior of 304 stainless steel was

evaluated in thiosulfate-containing solutions using cyclic polarization and potentiostatic
testing at different temperatures. On the basis of the results of this research, it can be
concluded that:

1.

2.

3.

(2]

The pitting resistance of 304 stainless steel as measured by pitting potential and
repassivation potential decreases as the temperature increases

Thiosulfate is able to prevent repassivation of an active stainless-steel surface and
able to stabilize the initiated metastable pits

At chloride/thiosulfate ion ratio between 0.5 to 1.5, thiosulfate have not been found
aggressive enough to cause localized damage to standard 304 stainless steel. But they
had a remarkable effect on repassivation potential and the passive current density,
particularly at Cl-/S,04? ratio of 1.5

The developed test method was found to be successful for determining critical
potentials & corrosion behavior diagrams of tested stainless steel under crevice-free
conditions

Electrochemical experiments have showed the deleterious effect of thiosulfate
addition to chloride solutions; both on repassivation potential & passive current
density

. $,03% lowers repassivation potential down to -400 mV (SCE), thus thiosulfate

stabilizes the metastable pits formed below actual pitting potential.

REFERENCES

[1]

[2]
[3]

[4]

[5]

[6]
[7]
[8]
[9]

P. Pohjanne, L. Carpén, T. Hakkarainen, and P. Kinnunen, "A method to predict
pitting corrosion of stainless steels in evaporative conditions,” Journal of
Constructional Steel Research, vol. 64, pp. 1325-1331, 2008.

Al Rashed, A.R. et al, " Effect of Thiosulfate lons on the Corrosion Behavior of Copper
in Simulated Sea Water " Egypt. J. Chem. 57, No. 2, pp. 109- 127, 2014.

Park J. and Pyun S., Stochastic Approach to the Pit Growth Kinetics of Inconel
alloy 600 in CI™ ion-containing Thiosulfate Solution at Temperatures 25-150 °C
by Analysis of the Potentiostatic Current Transients, Corrosion Science Vol. 46,
Issue 2, pp. 285-296, (2004).

Ernsten U. M., Likonen J., Carpen L. I. and Varjonen O. A., Studying Localized
Corrosion in Stainless Steels with Surface-Sensitive Methods, Materials
Characterization, Vol. 36, Issues 4 -5, pp. 279 — 289, (1996).

Tsai W., and Wang T., Pitting Corrosion of Alloy 690 in Thiosulfate-containing
Chloride Solutions, Journal of Nuclear Materials, Vol. 277, pp. 169-174, (2000).
R.C. Newman, H.S. Issacs and B. Alman, Corrosion, 38 (5) 1982, 26

O. Forsen, J. Aromaa and M. Tavi, Corrosion Science, 35 (1-4) 1993, 297

A.E. Thomas, et al, J. Electrochem. Soc., 142 (2) 1995, 475

M. Zakeri et al, Journal of The Electrochemical Society, 163 (6) (2016) C275-
C281.

[10] A.l. Almarshad and D. Jamal, Journal of Applied Electrochemistry 34 (2004),

67-70.

[11] T. Laitinen, Corrosion Science, 42 (2000) 421 — 44.
[12] M. Zakeri et al, Journal of The Electrochemical Society,163 (6) (2016) C275 -

C281.

Journal of Engineering Research  (University of Tripoli) Issue (28)  September 2019 39



[13] L. Choudhary, D. Macdonald and A. Alfantazi, Corrosion, vol.71, No. 9, 2015,
1147 - 1168.

[14] R.C. Newman, K. Sieradzki, Corros. Sci. 23 (1983) 363 — 378

[15] M. Kappes, G. Frankel, R. Thodla, M. Mueller, N. Sridhar, R. Carranza,
Corrosion 68 (2012) 1015 — 1028.

[16] S. Mulford, D. Tromans, Corrosion, 44 (1988) 891 — 900

[17] C. Duret-Thual, D. costa, W. Yang and P. Marcus, Corrosion Science, vol. 39,
No.5, P913 — 933, 1997.

Journal of Engineering Research  (University of Tripoli) Issue (28)  September 2019 40



	JER Cover in English(V-28)
	JER-03-28

