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Abstract The corrosion behavior and pitting corrosion

resistance of 439 ferritic, 301 austenitic, 420 martensitic

and S32101 duplex stainless steel in 2 M H2SO4 at

0–1.5%NaCl concentrations were studied through poten-

tiodynamic polarization measurement and optical micro-

scopy analysis. Experimental observation shows that

corrosion rate, pitting potential and passivation potential

are influenced by the Cl- ion concentration, alloy com-

position and metallurgical properties of the steels. 439

ferritic steel had significantly the lowest corrosion rate and

highest pitting corrosion resistance. Surface morphology

showed no visible change from comparison of steel sam-

ples before and after corrosion. The corrosion rates of the

duplex steel were comparably lower than the austenitic and

martensitic steel; however, it had the least pitting corrosion

resistance with respect to Cl- ion concentration. The

martensitic steel despite quenching heat treatment for

improved corrosion resistance had the highest corrosion

rate values. The surface morphology of the steel samples

except 439 ferritic steel showed the presence of micro- and

macro-pits, and visible surface deterioration.

Keywords Corrosion � Steel � Pitting � Passivation �
Chloride

1 Introduction

Corrosion is responsible for plant shutdowns and accidents,

costly design and maintenance, product contamination and

wastage of valuable resources due to the aggressive nature

of industrial environments on metallic surfaces of equip-

ment and structures. Stainless steel corrosion is an elec-

trochemical process, induced by certain electrolytic

phenomena in interaction with corrosive environments.

These steels are generally corrosion resistant and do per-

form optimally; however, the limit of their corrosion

resistance depends on the composition of operating envi-

ronment and strength of their passive protective films

which itself is a product of the alloy composition and

metallurgical structure. Formation and local breakdown of

passive films on iron-based alloys has long been a subject

of interest, reflecting the need for corrosion resistance of

these metal materials [1, 2]. The passive film tends to break

at some specific sites such as inclusions, grain boundaries

and other discontinuities through which aggressive ions

penetrate and initiate corrosion in the form of localized

(pitting) attacks [3–5]. It is difficult to predict the incidence

of pitting corrosion, particularly as the complexity of the

corrosive environment increases and, even more so when

fluctuations occur in the environmental parameters, as

often arises in chemical processing plants. Pitting corrosion

of metals is one of the most important electrochemical

corrosion mechanisms, being a major cause of failure in

different industrial media. Due to the localized nature of

pitting corrosion, formation of pits is confined to much

smaller areas compared to the total exposed surface [6].
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Chloride ions have been known to destroy passivity or pre-

vent its formation causing pit initiation. According to the

autocatalytic mechanism of pitting corrosion, the pits

become the anode of the redox process, while the sur-

rounding metal substrate becomes the cathode accompanied

by hydrolysis acidification of dissolved metallic ions and

accumulation of diffused chloride ions [7]. Pitting potential,

passivation potential, corrosion potential, etc., are some

parameters used to evaluate pitting corrosion. The higher the

pitting potential, the greater the pitting corrosion resistance

of metallic alloys [8, 9]. Generally, the pitting potential

decreases with increase in corrosion rate as chloride con-

centration increases. Many studies [10–12] have been done

on corrosion and specifically pitting corrosion coupled with

significant breakthrough on propagation mechanisms,

environmental conditions and importance of electrochemi-

cal factors [13–15]. The mechanism of the pit initiation in

relation to passive film deterioration is still debated. It is

necessary to understand the relationship between the met-

allurgical structure, composition, surface morphology, cor-

rosion resistance and pitting corrosion behavior of stainless

steel alloys with extensive industrial applications to aid in

material selection for effective corrosion control.

Steels such as martensitic stainless steel have been

increasingly applied in oil and gas industries [16, 17]. 420

martensitic steel resists corrosion in industrial environ-

ments, in sea water, some dilute organic compounds, crude

oil and gasoline, and other comparable corrosive media.

Previous research has shown that quenching heat treatment

improves the corrosion resistance of 420 martensitic steel

by 60% [18]. 439 ferritic stainless steel is designed to resist

corrosion in a variety of oxidizing conditions: in fresh

water, boiling acids, heat exchanger tubing and hot water

tanks as it provides good oxidation and corrosion resistance

properties. 2101 duplex stainless steel is a low-nickel, lean

duplex stainless steel designed with both superior strength

and chloride stress-corrosion cracking resistance. It is used

in applications such as chemical process pressure vessels,

piping and heat exchangers, waste water handling systems,

and desalination system chambers and evaporators. 301

austenitic stainless steel has corrosion resistance similar to

that offered by 304. It is used as aircraft structural part and

in a variety of industrial applications. The objective of this

research is to study the corrosion resistance and pitting

corrosion behavior of 439 ferritic, 301 austenitic, 321

duplex and 420 martensitic stainless steels in 2 M H2SO4

acid at specific concentrations of NaCl by means of

potentiodynamic polarization measurements and optical

microscopy analysis. Pitting potentials, corrosion poten-

tials, passivation potentials, passivation range and corro-

sion currents were analyzed in each of the materials studied

to assess their pitting corrosion resistance and passivation

characteristics.

2 Experimental Methods

2.1 Materials and Preparation

439 ferritic (439SS), 301 austenitic (301SS), 321 duplex

(321SS) and 420 martensitic (420SS) stainless steels

sourced commercially had a nominal composition as

shown in Table 1. The steel specimens after machining

were abraded with silicon carbide papers (80, 320, 600, 800

and 1000) before washing with distilled water and propa-

none and kept in a desiccator for coupon analysis and

potentiodynamic polarization test according to [19].

2.2 Potentiodynamic Polarization Technique

Polarization measurements were carried out at 30 �C using

a three-electrode system and glass cell containing 200 mL

of the corrosive test solution with Digi-Ivy 2311 electro-

chemical workstation. 2101SS and 301SS electrodes

mounted in acrylic resin with an exposed surface area of

2.54 and 0.72 cm2 were prepared according to [20].

Polarization plots were obtained at a scan rate of 0.0015 V/

s between potentials of -0.5 and ?1.5 V according to [21].

Platinum rod was used as the counter electrode and silver

chloride electrode (Ag/AgCl) as the reference electrode.

Corrosion current density (jcr) and corrosion potential (Ecr)

values were obtained using the Tafel extrapolation method.

The corrosion rate (c) and the inhibition efficiency (g2, %)

were calculated from the mathematical relationship:

CR ¼ 0:00327 � Jcorr � Eqv

D
ð1Þ

jcr is the current density in A/cm2; D is the density in

g/cm3; Eqv is the sample equivalent weight in grams.

0.00327 is a constant for corrosion rate calculation in mm/y

[22].

2.3 Optical Microscopy Characterization

Images of control and corroded 2101SS and 301SS surface

morphology from optical microscopy were analyzed after

weight-loss measurement with Omax trinocular through the

aid of ToupCam analytical software.

3 Result and Discussion

3.1 Electrochemical Analysis

The potentiodynamic polarization curves of 420SS, 439SS,

321SS and 301SS samples in 2 M H2SO4 at specific Cl-

ion concentrations of 0–1.5% are shown in Figs. 1, 2, 3 and

4. Table 2 depicts the results from the polarization curves.
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The curves show typical anodic polarization behavior of

stainless steels in a NaCl solution consisting of active

dissolution, passivation and progressive increase in the

corrosion due to pitting. 420SS and 439SS samples showed

uniform polarization behavior over the potential domain at

all Cl- ion concentrations in comparison with 321SS, and

301SS after 0%NaCl. Observation of the corrosion rate

values of the steel samples shows that 439SS has the lowest

corrosion rates, while 420SS has the highest values. This

coincides with the visibly low corrosion potential values of

439SS at an average potential of -0.191 V after 0%NaCl,

corresponding to strong resistance to anodic dissolution. Its

polarization resistance values confirm the observation

showing the highest figures among the steel samples.

420SS and 321SS showed very high corrosion potential

values followed by 301SS; however, the corrosion rate and

polarization resistance values of 321SS are relatively low

signifying active polarization and redox electrochemical

mechanisms occurring at the metal–solution interface of

the sample. Changes in Cl- ion concentration had a sig-

nificant influence on the corrosion rate values of the tested

steel samples with the exception of 439SS. Increase in salt

concentration caused a proportionate increase in the cor-

rosion rate of 321SS and 301SS which peaked at 0.5%NaCl

before decreasing minimally till 1.5%NaCl. 420SS expe-

rienced a decrease in corrosion rate with increase in NaCl

concentration till 0.75%NaCl after which it increased till

1.5%NaCl. These observations show that stainless steel

grades respond differently to Cl- ion concentration due to

differences in their metallurgical structure, heat treatment

process and chromium content.

It also shows that changes in Cl- ion concentration have

significant influence on the polarization behavior of the

stainless steel grades and hence its penetration of their

passive film. The steel grades apart from 420SS showed

consistent active–passive behavior from 0.25 to 1.5%NaCl.

After 0%NaCl, 420SS shifted consistently to anodic

polarization potentials signifying increased redox electro-

chemical processes responsible for greater surface deteri-

oration of the steel. At 0.5%NaCl, 439SS had a peak

anodic–cathodic current (Ecorr) of 2.81E-6/-0.200 VAg/

AgCl after a consistent increase from 0%NaCl after which it

Table 1 Percentage nominal

composition of 439SS, 301SS,

321SS and 420SS

Element symbol Cu Si Br Ni Cr Mn P S C Mo Fe

% composition (439SS) – 0.75 – 0.5 19 0.5 – – 0.025 – 79.23

% composition (301SS) – 1 – 8 16 2 0.045 0.03 0.15 – 72.80

% composition (321SS) 0.8 1.6 1.2 1.5 22.8 – 0.04 0.03 0.04 0.9 71.09

% composition (420SS) – 1 – – 13 0.8 0.04 0.03 0.15 – 84.98
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Fig. 1 Potentiodynamic polarization curves of 439SS in 2 M H2SO4

at 0–1.5%NaCl
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Fig. 2 Potentiodynamic polarization curves of 301SS in 2 M H2SO4

at 0–1.5%NaCl
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Fig. 3 Potentiodynamic polarization curves of 321SS in 2 M H2SO4

at 0–1.5%NaCl
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Fig. 4 Potentiodynamic polarization curves of 420SS in 2 M H2SO4

at 0–1.5%NaCl

J Bio Tribo Corros  (2017) 3:24 Page 3 of 8  24 

123



declined progressively till 1.5%NaCl. This observation

contrasts what was observed for the other steel samples as

changes in Cl- ion concentration caused differential

changes in peak current values.

3.2 Pitting Corrosion Evaluation

The pitting mechanisms of the four stainless steels alloys

are related to the collapse of their passive protective film,

which itself is a product of their alloy composition and

structure. The steels underwent stable pitting after the

pitting potentials (Epit, Figs. 1, 2, 3, 4, Table 3). Once

pitting occurred, breakdown of passive film and active

dissolution of the metal substrate cause changes in the

electrochemical characteristics of oxide film The Epit for

quenched 420SS and 321SS increased with increase in Cl-

ion concentration and peaked at 0.5%NaCl for 420SS

coupled with a corresponding increase in current at Epit and

0.75%NaCl for 321SS without a proportionate change in

current at Epit. These observations show that the passive

films of the two alloys respond to changes in Cl- ion

concentration before breakage and the onset of stable pit-

ting. Their resistance to pitting corrosion increases until a

peak value after which they remain unaffected with chan-

ges in Cl- ion concentration signifying a threshold Cl- ion

concentration beyond which pitting potential does not

Table 2 Polarization results for 439SS, 301SS, 420SS and 321SS in 2 M H2SO4 at 0–1.25%NaCl

Sample NaCl

conc. (%)

Corrosion

rate (mm/y)

Corrosion

current (A)

Corrosion current

density (A/cm2)

Corrosion

potential (V)

Polarization

resistance, Rp (X)

Cathodic

potential, Bc

Anodic

potential, Ba

439SS

A 0 0.81 1.13E-04 7.51E-05 -0.168 228.20 -7.632 -1.94

B 0.25 1.04 1.45E-04 9.69E-05 -0.191 176.90 -8.907 -0.28

C 0.5 1.13 1.58E-04 1.06E-04 -0.196 162.20 -8.807 0.68

D 0.75 1.04 1.46E-04 9.71E-05 -0.195 176.30 -9.065 2.19

E 1 0.62 8.60E-05 5.73E-05 -0.183 298.80 -8.932 7.47

F 1.25 0.20 2.78E-05 1.86E-05 -0.181 922.80 -9.111 17.47

G 1.5 1.09 1.53E-04 1.02E-04 -0.197 168.50 -9.288 6.12

301SS

A 0 14.74 8.48E-04 1.41E-03 -0.287 30.29 -7.11 -7.69

B 0.25 14.98 8.62E-04 1.44E-03 -0.302 29.79 -7.82 0.50

C 0.5 15.51 8.93E-04 1.49E-03 -0.299 30.13 -8.28 1.57

D 0.75 10.51 6.05E-04 1.01E-03 -0.300 42.46 -7.32 5.54

E 1 10.52 6.06E-04 1.01E-03 -0.301 46.23 -8.45 5.29

F 1.25 11.20 6.45E-04 1.07E-03 -0.307 36.46 -7.59 5.33

G 1.5 11.46 6.60E-04 1.10E-03 -0.306 38.94 -7.89 5.89

420SS

A 0 15.32 1.10E-03 1.40E-03 -0.324 23.28 -9.655 2.98

B 0.25 12.80 9.23E-04 1.17E-03 -0.330 26.54 -9.463 3.12

C 0.5 12.51 9.02E-04 1.14E-03 -0.323 40.02 -9.551 4.85

D 0.75 12.16 8.77E-04 1.11E-03 -0.331 29.31 -8.833 3.19

E 1 15.44 1.11E-03 1.41E-03 -0.338 21.54 -9.363 1.12

F 1.25 16.31 1.18E-03 1.49E-03 -0.345 23.65 -9.639 2.21

G 1.5 16.63 1.20E-03 1.52E-03 -0.350 19.79 -8.117 1.51

321SS

A 0 8.28 1.95E-03 7.69E-04 -0.335 13.15 -2.678 -2.62

B 0.25 9.72 2.30E-03 9.04E-04 -0.352 11.19 -6.267 4.92

C 0.5 10.75 2.54E-03 9.99E-04 -0.352 10.13 -7.878 0.00

D 0.75 6.10 1.44E-03 5.67E-04 -0.342 17.83 -6.614 6.14

E 1 4.32 1.02E-03 4.01E-04 -0.352 25.21 -6.082 6.68

F 1.25 7.73 1.83E-03 7.19E-04 -0.352 14.07 -7.494 4.75

G 1.5 7.95 1.88E-03 7.39E-04 -0.342 15.32 -8.507 0.00
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change. At 1.5%NaCl, 321SS shows no passivity resulting

in nil pitting potential. At this Cl- ion concentration, the

steel’s passivity was completely destroyed. The pitting

potential values for 301SS decreased with increase in Cl-

ion concentration showing that the pitting resistance;

hence, the strength of its passive film decreases in response

to changes in Cl- ion concentration leading to the initiation

and propagation of corrosion pits. Due to the anodic

reactions within the pitted regions of the 301SS and the

reduction reaction on the passive metal surface surrounding

the pit, the charge neutrality of the pit electrolyte results in

the accumulation of Cl- ions in response to the release of

metal cations within the electrolyte [23, 24]. Penetration of

Cl- ions through the passive film at sites of inclusions and

breakage of the film is suggested through which the Cl-

ions reach the metal substrate. Previous research has shown

that pitting initiates from flaws in the oxide film and

propagates by the ion transport mechanism [25]. The film is

further weakened by the resulting cationic and oxygen

vacancies leading to dissolution of the steel [26–28]. The

pitting potential of 439SS remained unchanged with

respect to Cl- ion concentration coupled with a consistent

decrease in current at Epit. Previous discussion showed that

it has a very low corrosion rate at passive corrosion

potentials. The observation from the pitting potential val-

ues shows its passive film to be highly resistant to

Table 3 Potentiostatic data of pitting and passivation potentials for 439SS, 301SS, 420SS and 321SS in 2 M H2SO4 at 0–1.5%NaCl

Sample NaCl conc.

(%)

Pitting potential (V),

Epit

Current at Epit

(A)

Passivation potential (V),

Epp

Current at Epp

(A)

Passivation range

(V)

439SS

A 0 1.00 2.10E-04 -0.19 1.35E-04 1.19

B 0.25 1.00 1.88E-04 -0.11 1.98E-04 1.11

C 0.5 1.00 1.70E-04 -0.12 2.88E-04 1.12

D 0.75 0.99 1.62E-04 -0.12 3.16E-04 1.11

E 1 0.99 1.32E-04 -0.11 2.91E-04 1.10

F 1.25 0.99 1.34E-04 -0.10 3.44E-04 1.09

G 1.5 0.99 1.64E-04 -0.12 5.38E-04 1.11

301SS

A 0 1.06 4.93E-05 -0.30 6.70E-04 1.36

B 0.25 1.04 9.39E-05 -0.26 2.24E-03 1.30

C 0.5 1.03 3.92E-05 -0.25 2.51E-03 1.28

D 0.75 1.03 1.04E-04 -0.23 2.62E-03 1.26

E 1 1.02 5.21E-05 -0.23 3.14E-03 1.25

F 1.25 1.02 9.81E-05 -0.22 3.72E-03 1.24

G 1.5 1.03 1.11E-04 -0.16 5.51E-03 1.19

420SS

A 0 1.00 4.59E-05 -0.27 4.68E-03 1.27

B 0.25 1.01 5.78E-05 -0.26 6.09E-03 1.27

C 0.5 1.04 6.11E-05 -0.20 3.39E-03 1.24

D 0.75 1.05 8.45E-05 -0.19 3.91E-03 1.24

E 1 1.05 9.72E-05 -0.18 5.72E-03 1.23

F 1.25 1.05 1.23E-04 -0.18 6.78E-03 1.23

G 1.5 1.05 1.16E-04 -0.13 8.07E-03 1.18

321SS

A 0 0.91 1.86E-04 -0.33 5.25E-04 1.24

B 0.25 0.94 1.86E-04 -0.29 7.02E-04 1.23

C 0.5 0.95 4.52E-04 -0.27 9.94E-03 1.22

D 0.75 0.99 2.26E-04 -0.21 9.94E-03 1.20

E 1 0.99 2.64E-04 -0.17 9.29E-03 1.16

F 1.25 0.97 2.77E-04 -0.04 9.94E-03 1.01

G 1.5 0 0 0 0 0
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oxidation and Cl- ion penetration at high electric poten-

tials. Pitting corrosion being the local break in the passive

layer of the stainless steel provoked by the presence of Cl-

ions in the acid solution, it is obvious that the potential of

439SS in the acid chloride solution is inferior to the pitting

potential.

3.3 Metastable Pitting and Passivity

The passive film formed on the stainless steel surfaces

enforces controlled equilibrium of ionic transport through

it. The film consists basically of chromium oxides,

hydroxides and iron compounds, which form at the metal–

solution interface. Under induced potential, the passivation

characteristics of stainless steel alloys become dynamic

with respect to scan rate and Cl- ion concentration in the

acid media. The passivation behavior of 420SS, 321SS and

301SS followed a similar trend as shown in Table 3; it is

observed that increase in Cl- ion concentration results in

proportionate decrease in passivation potentials of the

alloys indicating a decrease in their overall pitting resis-

tance with respect to solution concentration as a result of

metastable pitting activity. This is confirmed from the

passivation range values (Table 3) which showed a visible

decrease in potential. Cl- ions are known to be aggressive

enough to attack steel and initiate pitting. Their small size

facilitates diffusion which enhances electrical neutrality

and hydrolysis of the corrosion products within the pits

causing acidification, and hence hindering passivation. The

passivation current for aforementioned steels increased

with decrease in passivation potential which eventually

leads to a progressive increase in the metastable region of

their polarization curves, an indication that the passive film

is undergoing localized but transient pitting due to tem-

porary breakdown of the passive film, and the creation and

growth of small, occluded cavities before stable passiva-

tion. With increase in Cl- ion concentration, the anodic

dissolution rate and the lifetime of the metastable pit

increase resulting in higher metastable pitting nucleation

rate before passivation. Due to local Cl- ions enrichment,

current transients were observed for 420SS at the passive

regions probably at the active sites on surface such as

inclusions, crystal boundaries, dislocations and irregulari-

ties, resulting in damage of passive film and limited dis-

solution of the substrate metal.

The passivation behavior of 439SS with respect to

potential contrasts the observation for the three earlier

discussed steels. Results show that Cl- ion concentration

has no effect on its passivation potential after 0%NaCl. It is

obvious that there is a significant difference between nil

Cl- ion concentration and specific addition of NaCl to the

solution. After 0%NaCl, the passivation potential remained

generally the same; however, the passivation current

increased with Cl- ion concentration signifying increase in

metastable pitting activity, but at relatively lower passi-

vation current hence higher pitting resistance in compar-

ison with other alloys. 321SS had a potential of -0.29 V,

while the value for 420SS and 301SS is -0.14 V when we

consider the difference between the passivation potential

value at 0 and 1.5%NaCl. Comparing their values to 439SS

at -0.07 V, it is clearly seen that the passivation charac-

teristics and pitting corrosion resistance of 439SS are sig-

nificantly superior to the other steels.

3.4 Surface Morphology Analysis

The optical images of the stainless steel samples before and

after the potentiodynamic polarization test are shown in

Figs. 5a, b, 6a, b, 7a, b and 8a, b. 439SS (Fig. 5a, b) which

shows no visible morphological deterioration from the

action of Cl- ions during potential scanning. The surface

characteristics remained virtually unchanged in compar-

ison with the other steels. This observation confirms the

results on corrosion rate, pitting potential and passivation

behavior. Obviously, the transfer or adsorption of Cl- ions

through the passive layer to the metal surface where they

start their specific action was limited. Studying the mor-

phology of the other steel (301SS, 321SS and 420SS), there

is a clear contrast between the samples before and after

polarization. 301SS and 321SS showed portions of mild to

severe surface deterioration with the appearance of a

number of macro-pits. The electrochemical action of the

Cl- ions weakened the passive film, causing an enhanced

dissolution of the alloy surface. The grain boundary on

321SS appeared faintly compared to 420SS where coarse

grain boundary due to quenching heat treatment is clearly

visible with insidious pits on the surface.

4 Conclusion

The effect of Cl- ion concentration on 439SS, 301SS,

quenched heat-treated 420SS and 2101SS in 2 M H2SO4

gave mixed results for corrosion rate, pitting corrosion

resistance and passivation characteristics; 439SS showed

significantly higher corrosion and pitting resistance com-

pared to other steels. Changes in Cl- ion concentration had

no influence on its electrochemical characteristics. S32101

duplex steel with its austenite ferrite microstructure had a

comparably better corrosion resistance than 301SS and

420SS, but displayed lower pitting resistance due to more

active polarization on its surface. Cl- ion concentration

had limited influence on the corrosion rates of the steels as

compared to the pitting corrosion where it had a signifi-

cantly higher influence. Surface morphology of 439SS

remained unchanged compared to others which showed
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Fig. 5 Optical image of 439SS

at mag. 9100 a before

corrosion, b after corrosion

Fig. 6 Optical image of 301SS

at mag. 9100 a before

corrosion, b after corrosion

Fig. 7 Optical image of 321SS

at mag. 9100 a before

corrosion, b after corrosion

Fig. 8 Optical image of 420SS

at mag. 9100 a before

corrosion, b after corrosion
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progressive deterioration and the formation of visible

micro- and macro-pits.
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