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Pitting corrosion of stainless steels in chloride solutions

Biljana Bobi¢, MSc (Eng)"
Bore Jegdi¢, MSc (Eng)"

The electrochemical techniques were used for determining the resistance of stainless steels to pitting corrosion in
neutral chloride solutions. Cyclic potentiodynamic polarization measurements were performed to determine the
pitting potential values in chloride solutions with different amounts of sulphate or nitrate ions. Critical pitting
temperature testing was carried out in the same solutions applying potentiostatic technique. Comparison was made
between experimentally determined pitting potential and critical pitting temperature values, in chloride solutions
containing different amounts of sulphate or nitrate ions. It was established that nitrates are far more effective than
sulphates as inhibitors of stainless steels pitting corrosion in neutral chloride solutions.
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Introduction

ORROSION of metals is a spontaneous degradation of

metals, influenced by corrosive environment. In some
cases the corrosion rate is low, though from thermo-
dynamical point of view, the rate of metal dissolution ought
to be significantly higher. The state of high corrosion resis-
tance is called passivity.

Stainless steels are Fe based alloys containing at least
12% Cr. They are corrosion resistant because of surface
passive film existence, such that separates metal from
corrosive environment. Chromium is the most important
alloying element for passive film formation. Nickel
stabilizes austenite structure, thus improving some
mechanical characteristics of stainless steels [1].

Austenitic stainless steel C4580 (AISI 304) contains cca.
18% Cr and 10% Ni. This steel has a broad application
(chemical plants, food industry, articles for everyday use).
In some corrosive environments, the breaking down of
passive film on this steel takes place and some form of local
corrosion occurs: pitting, crevice corrosion, stress corrosion
cracking and intergranular corrosion.

Pitting corrosion takes place in two steps: pitting
formation and pit growth. Most frequently, pits are formed
in the presence of Cl ions on the discontinuities in passive
films, as MnS inclusions and grain boundaries [2,3]. The
potential present when pits start to grow is called pitting
potential, E,;, . It is manifested as a rapid current increase

on anodic polarization curve. Pits stop to grow at potentials
below protective potential, E,,. Below the pitting

potential pits can be formed and repassivated before they
are transformed to stable pits. This stage of pitting
corrosion is known as metastable pitting.

Susceptibility of metals to pitting corrosion increases
with the temperature rise. Stable pits can not be formed
below a certain temperature value, called critical pitting

temperature, 7). In this temperature range only
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transpassive corrosion can occur. Above the critical T,

the pitting potential values decrease with temperature
increase.

Pitting corrosion resistance of stainless steels is
frequently examined applying electrochemical methods.
Cyclic potentiodynamic technique is used for determining
the pitting potential and protective potential values. The
pitting potential (potential when stable growth of pits starts)
and protective potential (potential when pit growth stops)
are determined from anodic and opposite polarization

curves for current density value of 10 z4-cm™ .

Critical pitting temperature value (the minimal
temperature for stable pits growth) is determined applying
potentiostatic technique, using temperature scan. Potential
of 700 mV vs. SCE has been found suitable for most

stainless steels. The T,, is defined as the temperature at

which the current density exceeds 100 124 -cm™ for 60 s.
E pit »
composition and structure of stainless steels, or

composition, pH values and temperature of corrosion
environment. Higher values of E,,, E,,, and T,, indicate

E, and T, values are determined depending on

better pitting corrosion resistance of stainless steels.
Protection of stainless steels against pitting corrosion in
chloride solutions can be performed introducing NO5, SOF,
etc. ions in the solutions. These anions reduce adsorption of
CI ions or displace them from metal surface (competitive
adsorption) [6, 8, 9]. Also, they may form a more resistive
passive film on the metal surface during anodic polarisation
[6]. It is necessary to achieve some concentration ratio of
these ions and chloride ions to obtain complete pitting
corrosion resistance [4]. For example, this ratio is 10 for

SO, 7 for CrO3, 2 for ClO4 or 0.4 for NO5 ions, for
stainless steel 18Cr-10Ni in NaCl solution (0.1 mol dm™).
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Experiment

Pitting corrosion resistance of stainless steel C4580 was
examined determining pitting potential £, and critical

pitting temperature 7, Values of E,, are obtained

applying cyclic potentiodynamic technique, according to
standard ASTM G 61 — 1998 [5]. Polarization curves are
recorded using computer assisted electrochemical system
for corrosion measurement.

Tests were performed in neutral deaerated NaCl solution
(0.2 mol dm™), with or without the addition of nitrate or
sulphate ions, at 25°C temperature, applying potential scan
rate of l mVs™. E »u and E ., values are determined from

recorded polarization curves for current density of
10 124 cm?, according to [6].

T,; values are obtained at constant potential (700 mV

vs. SCE) according to standard ASTM G 150 — 1999 [7;.
Examinations are carried out in NaCl solution (0.2 mol dm™)
with or without nitrate or sulphate ions. After the

electrochemical system was thermosetted at 0°C, its
temperature was gradually increased by the rate of

I°C min™. Current changes on the tested specimen

(working electrode) were recorded at the same time. The
temperature value when current density reaches

100pnA cm™ and remains above this level for minimum 60

s was considered as critical pitting temperature.

Working electrodes of disk shape and 1.13 cm’ area
were prepared in the following manner: fine ground (SiC
paper, 1000 grit), degreasing in ethanol and washing out in
distillated water. Tests were performed in electrochemical
cell of 350 cm’ volume, with separated departments for
reference (SCE) and auxiliary electrode (Pt foil).

Working electrodes are made of stainless steel C4580
with chemical composition given in Table 1.

Tablel. Chemical composition of stainless steel C4580 (in mass %)

Cr Ni C Si Mn P Fe
max max max
17,0-19,0| 8,5-10,5 | <0,07 | 1,0 20 | 0,045 | remain

Pits formation and their distribution on the electrode
surface were examined using  stereo-microscope
(magnification from x16 to x100), but pit depth
measurements were done by optical microscope.

Results and discussion
Recorded potentiodynamic polarization curves of
stainless steel are shown in linear (Fig.la) and logarithmic

form (Fig.1b), where determination of E,;, and E,,, value

is presented. Pit formation and their stable growth take
place at potentials positive to £, . No pit formation takes

place in the potential range between E,, and E,,,, but
already existing pits continue to grow. At potentials
negative to £, , the already formed pits stop growing.

Anodic polarization curves, recorded in repeated tests
(under the same experimental conditions) in chloride
solution, are presented in Fig.2. Values of E,,, E,, and
AE , obtained from polarization curves in Figures 1 and 2,
are presented in Table 2.

The observed scattering of E,, values is caused by

stochastic nature of pitting corrosion and metastable pit
formation. Metastable pit formation takes place at

potentials below £, and it is most intensive in chloride

solution (Fig.3a). This occurrence is less observable in
chloride solutions containing sulphate (Fig.3b) or nitrate
ions (Fig.3c). Higher current peaks in chloride solutions
indicate to an extended periods of pit growth. Metastable
pit formation is significantly suppressed in the presence of
sulphate or nitrate ions in chloride solutions because
competitive adsorption takes place. According to
experimental data in Table 2, it can be concluded that AE
values, as well as E,;, values, are indicators of pitting

corrosion resistance.
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Figure 1. Anodic polarization curves of C4580 in NaCl solution
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Figure 2. Anodic polarization curves of C4580 in NaCl solution

Table 2. E,,, , E,;, and AE values of (4580 in NaCl solution

Experiment, E.opr E; AE=E,; —E.,,
No. mV mV mV
1 -150 30 180
2 -100 90 190
3 -120 70 190
4 -30 180 210
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Figure 3. Anodic polarization curves in: a) NaCl, b) NaCl + Na,SO,,
¢) NaCl + NaNO; solutions
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Figure 4. Anodic polarization curves of (4580 in NaCl solution with
different concentrations of sulphate ions.

It can be seen from Fig.4 that the lowest E,;, value is
obtained in chloride solution without sulphate ions. As
concentration of SO ions increases, E,;, is shifted to

positive values which is in fair agreement with competitive
adsorption theory of sulphate and chloride ions [6, 8, 9].
Sulphate ions displace chloride ions from metal surface
preventing metastable pit formation and shifting E,, to

positive values. It is possible that a more resistant passive

film is formed in the presence of SO3 anions [6], since
they contain oxygen atoms.
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Figure 5. Epit dependence on [SO?{] in NaCl solution

Linear dependence of E,;, values on log [SO%’] ions can

be observed from Fig.5. This dependence can be expressed as:
E,, = A+ Blog[S0} | (1)

A and B are experimental constants.

Pit formation does not take place if the sulphate ions
concentration increases above 0.5mol dm?, until the
transpassive range, though the existence of hysteresis
between anodic and opposite polarization curve indicates to
pitting corrosion (Fig.6). Existence of pits on electrode
surface is also established after recording polarization
curves (Fig.7). Average pit depth measured by optical
microscope was about 30 pum .
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Figure 6. Anodic polarization curves for 4580 in NaCl + Na,SO,
solutions

Figure 7. Appearance of electrode surface after examination in NaCl +
Na,SO, solution: a) pitting, b) without pitting. Magnification x 100.
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Values of E,,, E.,, and AE, obtained from

polarization curves in Figures 4 and 6, are presented in
Table 3.

Table3. £, , E,;, and AE values of (4580 in NaCl + Na,SO; solutions

No. of experiment Lk SO4,3 Ecorr Epi AE=Epi = Ecor

mol dm mV mV mV
1 0.05 -50 370 420
2 0.1 -120 600 720
3 0.25 -20 710 730
4 0.5 -150 760 910
5 0.75 -30 820 850
6 1,0 -170 700 870
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Figure 8. Anodic polarization curves of C4580 in NaCl solution with
different concentrations of nitrate ions

Anodic polarization curves of the examined stainless steel
in chloride solution with different amounts of nitrate ions
(Fig.8) show that pitting corrosion resistance is lowest in
chloride solution without nitrate ions (0.2 mol dm™ NaCl).
Pitting potential values increase with the rise of NOj
concentration in chloride solution, i.e. pitting corrosion
resistance of stainless steel is higher. Transition to practically
complete resistance against pits formation occurs when small
amounts of nitrate anions (from 0.01 to 0.02 mol dm™) are
added to NaCl solution. This is manifested as current peak
existence for nitrate ions concentrations higher than 0.02 mol
dm?, in potential range from 300 to 350 mV. This current
peak precedes the passivation stage.

Values of E,,, E,, and AE, determined from

polarization curves in Fig.8 are presented in Table 4.

Tabled. E,,, , E,;, and AE values of 4580 in NaCl + NaNOj; solutions

No. of experiment NaNO3j3 Eeor E,i |AE=E, —E,;,
mol dm mvV mv mV
1 0.01 150 180 330
2 0.02 20 560 540
3 0.10 60 | 920 980

Comparison of results presented in Figures 4, 6 and 8
shows that complete pitting corrosion resistance of stainless
steel is attained at remarkably lower concentration of nitrate
than sulphate ions in chloride solution. Complete pitting
corrosion resistance is achieved when chloride solution
contains 0.02 mol dm™> NaNOj; or 1.0 mol dm™ Na,SO,. It
is obvious that NOj;™ ions are remarkably effective inhibitors
of stainless steel pitting corrosion in chloride solution than

SO3 ions, which is in agreement with the references [4, 6].
The affinity of anion adsorption increases as folows: NO;’,
SO3 , CI, when they are tested individually. However, in
the investigated solutions different behavior of inhibiting
anions (NO5’, SO3) is possible. These anions can partially

displace CI ions from electrode surface [6], which can for
e.g. be the consequence of lateral effects. Also, inhibiting
ions may form a more resistive film on the metal surface.
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Figure 9. Critical pitting temperature determination for C4580 in NaCl
solution in presence of sulphate or nitrate ions

Determination of critical pitting temperature in chloride
solutions with and without sulphates or nitrates is shown in
Fig.9. Values of T,, are higher in the presence of sulphate

or nitrate ions. Therefore, pitting corrosion resistance of the
examined stainless steel is lower in chloride solutions
without sulfate or nitrate ions. It can also be seen that NO5
ions are considerably more efficient as inhibitors of pitting
corrosion than SOj ions. The damaging influence of
temperature increase on pit formation was also observed.
For example, the examined stainless steel is almost
completely resistant to pitting corrosion in chloride solution
(0.2 mol dm™) containing 0.02 mol dm™ NaNOs, at 25°C.
But, pit formation takes place at a temperature of about
33°C, on the same steel in the same solution.

Conclusion

Performed examination of stainless steel C4580 pitting
corrosion in chloride solution with and without sulphate or
nitrate ions indicates that pitting corrosion resistance is
lowest in chloride solution (0.2 mol dm™ NaCl). Obtained
values of E,;,and T, were the lowest in this solution.

Pitting corrosion resistance increases with addition of
NO; or SO, ions. Nitrate ions are more effective
inhibitors of pitting corrosion than sulphate ions, since a
considerably lower concentration of nitrate ions is required
compared to the concentration of sulphate ions (0.02 mol
dm™ NaNO; and 1.0 mol dm Na,SO,) to achieve complete
pitting corrosion resistance.

Results of the critical pitting temperature determination
also show that the pitting corrosion resistance of C4580 is
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lowest in NaCl solution. Values of T,, increases in the

presence of sulphate or nitrate ions. The highest value of
T, obtained in NaCl + NaNOs solutions demonstrates the

highest pitting corrosion resistance of the examined
stainless steel in this solution.

The applied electrochemical methods i.e. cyclic
potentiodynamic technique for pitting potential evaluation
and potentiostatic technique for critical pitting temperature
determination are suitable for examining the stainless steels
pitting corrosion. It is better to represent pitting potential
values by a potential range, considering the stochastic
nature of the pitting corrosion, but critical pitting
temperature values can be determined with high accuracy.
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Piting korozija nerdajuéih Celika u rastvorima hlorida

Za odredivanje otpornosti prema piting koroziji nerdajuéih €elika u neutralnim hloridnim rastvorima kori$éene su
razli¢ite elektrohemijske metode. Cikli¢na potenciodinamic¢ka polarizaciona merenja su izvedena u cilju dobijanja
vrednosti piting potencijala u hloridnim rastvorima koji sadrZe razliite koli¢ine sulfatnih, odnosno nitratnih jona.
Primenom potenciostatske metode vrieno je odredivanje kriticne temperature pitinga u istim rastvorima. Izvrseno je
poredenje eksperimentalno dobijenih vrednosti piting potencijala i kriticne temperature pitinga u rastvorima hlorida
koji sadrzZe razlifite koli¢ine sulfatnih odnosno nitratnih jona. Utvrdeno je da su nitratni joni znatno efikasniji nego
sulfatni joni kao inhibitori korozije nerdajuéih ¢elika u neutralnim hloridnim rastvorima.

Kljucne reci: nerdajuéi ¢elik, korozija, piting korozija, inhibitori korozije, hloridi, elektrohemijske metode.

ITuTTUHrOBas KOPPO3W HEPKABEIOIINX CTAJIe B pacCTBOpax
XJIOPHZIOB

JIJIH OIIPENCIJICHUSI NMPOYHOCTA Ha NMATTHHTOBYIO KOPPO3HIO HEPXaBCIOIOMX crajei B Heﬁ’l‘paJIbHBIX pacTBOpax

XJIOPHAOB IIONIB30BaHbI PA3IUYHLIE 3JJIEKTPO-XUMHUICCKUE METONBI.

HHKJIK‘JCCKHC OOTCHOUOAUHAMAYCCKHUC

TIOJISIPA3ANAOHHbIE W3MEPEHUS TIPOBEJIEHbI CO TENBIO TMONYYEHWs] ONPENeIEHHBIX MATTHHIOBLIX MOTEHNMAJIOB B
pacTBopax XIOpPHNOB, KOTOpPBHIE CONEPXKAT pa3NHIHLEIE KONHYECTBAa CYIL(ATHBIX, T.e. HATPATHBIX HOHOB.
TIpuMeHeHEEM IOTEHMUOCTATCKOTO METOJIA [eTIaHO U OIpeNie/IMBaHAe KPUTHIECKOH MATTHHTOBOH TEMIIEpaTyphl B
TakKMX Xe pacTBOpax. Toxe CHeNaHO M CPaBHMBAHME BEJMYMH NHUTTHHIOBBLIX IOTEHIMANIOB, MOJYYEHBIX B
9KCIEpAMEHTaX, W KPHUTHIECKON IWTTHATOBOH TEMIEpPAaTyphl B pacTBOpax XJIOPHIOB, KOTOpPBIE CONEpKAT
pasir4HbIe KOJIMYECTBA Cylb(haTHBIX, T.€. HAITPATHLIX HOHOB. KOHCTAHTHPOBAHO U YTBEPXKCHO, YTO HATPATHBIE
HOHHI B 3HAYATENBHOH Mepe Goinee aceKTHBHBI eM CynbcdhaTHbIE HOHBI B PONH HHTHGHTOPOB KOPPO3WH

HEPXKaBEIOLUX CTallell B HEHTPAIBLHBIX PACTBOPAaX XJIOPHOB.

Karwuesvie caosa: HepXaperolas CTalb, KOPPO3Ws, MUTTHATOBas KOPPO3WsA, HHTHGHTOPHL KOPPO3HWHA, PacTBOD

XJIOpa, NEKTPO-XHMHIECKHE METOABI.
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La corrosion pitting des aciers inoxidables dans les solutions de
chlorure

Les différentes méthodes électrochimiques ont été utilisées pour déterminer la résistence des aciers inoxidables a la
corrosion pitting dans les solutions de chlorures neutres. Les mesurements potentiodynamiques cycliques et de
polarisation ont été effectués dans le but d’obtenir les valeurs du potentiel pitting dans les solutions contenant
différentes quantités de ions sulfates ou nitrates.La détermination de la température critique du pitting a été réalisée
dans les mémes solutions au moyen de la méthode potentiostatique.On a fait la comparaison entre les valeurs du
potentiel pitting obtenues expérimentalement et la température critique du pitting dans les solutions de chlorure qui
contiennent différentes quantités de ions sulfates et nitrates.On a pu constater que les ions nitrates sont beaucoup plus
efficaces que les ions sulfates comme inhibiteurs de corrosion des aciers inoxidables dans les solutions neutres de
chlorure

Mots clés: acier inoxidable, corrosion, corrosion pitting, inhibiteurs de corrosion, chlorures, méthodes
électrochimiques.
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