
DOI: https://doi.org/10.1590/1980-5373-MR-2020-0386
Materials Research. 2021; 24(4): e20200386

Comparison Between Stainless Steels and Nickel Alloys Through Pitting Corrosion 
Resistance Electrochemical Tests

Ivy Frazãoa* , Rodrigo Magnaboscoa , Anna Delblancb

aCentro Universitário FEI, Departamento de Engenharia de Materiais, Av. Humberto de Alencar 
Castelo Branco, 3972, 09850-901, São Bernardo do Campo, SP, Brasil

bSandvik Materials Technology, Research & Innovation, 4371 SE-811 81 Sweden

Received: August 25, 2020; Revised: March 08, 2021; Accepted: April 27, 2021

Critical pitting temperature (CPT) is one of the most accepted criteria for alloy classification 
concerning pitting corrosion. The techniques used nowadays to determine CPT have different parameters 
for alloys of different material classes, preventing the comparison between stainless steels and nickel 
based alloys. This study aims to compare the corrosion resistance of nickel based alloys and stainless 
steels with high corrosion resistance through potentiostatic tests for CPT determination, using a 3M 
MgCl2 aqueous solution. CPT values were effectively determined for the stainless steels studied but 
the technique did not have the same efficiency for nickel based alloys due to the occurrence of crevice 
corrosion, even considering the higher PRE of nickel based alloys.
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1. Introduction
CPT (critical pitting temperature) is widely used to 

analyze pitting corrosion resistance of stainless steel and other 
alloys, following ASTM G481 (using immersion tests) and 
ASTM G1502 (for potentiostatic tests). It is also commonly 
used to compare the performance of materials on a given 
medium. Another way of analyzing pitting resistance is 
through the PRE-number, which can be calculated through 
PRE equation: PRE =% Cr + 3.3% Mo + 16% N. PRE based 
classifications are very common but it is not a safe way to 
analyze the pitting corrosion resistance, since it considers 
only the main chemical composition, regardless of the 
presence of intermetallic phases, precipitates, different 
surface finishing and other factors that influence pitting 
corrosion. High corrosion resistance alloys (CRA) with 
PRE higher than 473 tend to have CPT in 1M NaCl solutions 
above 95°C, which restrict the use of corrosion tests using 
the potentiostatic method proposed by ASTM G150, since 
corrosive sodium chloride solutions have boiling points close 
to 100°C. In addition, immersion corrosion methods such 
as the ones described in ASTM G481 have different tests 
methodologies for stainless steels or nickel alloys, therefore 
preventing a direct comparison of CPT results obtained from 
different materials using immersion tests.

Some polarization studies based on ASTM G1502 alter 
the applied potential and chloride concentration aiming to 
have a more aggressive test environment, allowing CPT 
determination of high CRA4-6. These studies highlight 
that higher potentials and higher chloride concentrations 
promote a decrease on CPT values. Other studies3,7 changed 
the electrolyte medium used in the potentiostatic test, with 
3M MgCl2 being one of the prominent electrolytes due to 

the high chloride concentration and higher boiling point 
(117°C)8 in comparation with the conventional 1M NaCl 
solution used in ASTM G1502 tests.

Another way to analyze corrosion resistance is by 
determining pitting potential (Epit) through potentiodynamic 
polarization tests, which can be identified as a drastic 
increase in current density after the passive region on the 
polarization curve. This sudden increase in current may occur 
due to a disruption of the passive film induced by chlorides, 
characterizing the onset of pitting corrosion. However, 
the increase on current density may occur due to different 
mechanisms besides pitting corrosion, depending on the 
medium in which the material is located. For example, the 
potential for sudden current increase can occur due to the 
oxygen evolution potential, or due to transpassivation, which 
on this scenario is called as breakthrough potential (Eb)

9-12. 
If pitting occurs at potentials higher than the equilibrium 
potential of the oxygen evolution reaction on the material 
surface, or in conditions where transpassivation is possible, 
the measured current density is subject to the influence 
of anodic currents from oxygen evolution and cannot be 
characterized as the beginning of pitting corrosion (Epit). 
Depending on the environment, lower values of transpassive 
potentials have been reported for nickel alloys than for 
stainless steels increasing the influence of transpassivation 
on Eb for nickel-based alloys. This should also be taken 
into consideration for potentiostatic determinations of CPT, 
since the applied potential should not lead to transpassive 
corrosion of the tested material13.

Nickel has been reported to have higher passive current 
densities than chromium-alloyed stainless steels. Considering 
this as true for high-nickel alloys, this could become a 
problem while attempting to set a critical current density 
for the propagation of local corrosion on these materials14,15.*e-mail: ivy_frazao@hotmail.com
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The literature comparing pitting corrosion between nickel 
alloys and stainless steels through polarization tests is not 
properly discussed, since on authors knowledge there are 
not many studies in this area. Therefore this study aims to 
discuss both material classes regarding pitting corrosion using 
potentiostatic technique to determine the alloy’s CPT values.

2. Experimental Procedures
Studied materials were provided as tubular products of 

UNS S32205, UNS S32750, UNS S32707, UNS N10276, 
UNS S31266 and UNS N06625 alloys, and were supplied 
by Sandvik Materials Technology. Table 1 summarizes the 
chemical composition and PRE of the materials.

Samples upon delivery conditions were cut and pressed 
in hot cured thermoset resin to obtain specimens where the 
working section corresponds to the tube cross section, with 
an exposed area of approximately 0.5 cm2, with a surface 
finish provided by 600-grit silicon carbide abrasive paper. 
This was the sample preparation for the electrochemical 
tests. For microstructural characterization, similar specimens, 
polished up to a 1μm diamond finish were used to analyze 
the level of inclusions. The samples were submitted to 
electrolytic etching with 10% oxalic acid solution for 30 to 
60 s at 6 Vcc and observed under optical microscope for 
microstructural characterization.

For the potentiostatic tests the electrolyte used is the 3M 
magnesium chloride (MgCl2) solution with pH maintained 
between 6.5 and 7. An Autolab 20 potentiostat, controlled 
by NOVA 2.0 software, was used to control the applied 
potential, and current density recording.

A double wall electrochemical cell was used, with water 
flow as the heating media, up to 85° C. In the electrochemical 
cell, the counter electrode is a spiral wound platinum wire 
with an area at least 10 times larger than the working 
electrode, where the reference electrode was silver/silver 
chloride (Ag/AgCl) with 3,5M KCl.

For each material, potentiostatic polarization tests at 
800 mVAg/AgCl were performed by varying the temperature 
at a rate of 1°C/min, beginning polarization at 23°C and 
5 minutes after immersion to ensure the same condition 
of the passive film and to allow stabilization of the initial 
temperature. During potentiostatic test the variation of current 
density as a function of temperature was recorded, and CPT 
was obtained when the current density reached a minimum of 
100 μA/cm2 and remained above this value for at least 60 s.

After electrochemical tests, the surface of the working 
electrodes was examined by optical microscopy to ensure that 
there was no crevice corrosion at the edges of the working 
electrode, which would invalidate the obtained CPT results.

3. Results and Discussion
Inclusion analyses revealed that the materials have type 1 fine 

series oxides inclusions, following the inclusion classification 
standards proposed by Jernkontoret16. The inclusions were 
found in small quantity and size for all materials, therefore 
they probably have small influence on the comparison of 
the obtained corrosion results for the alloys.

After etching the duplex alloys, metallographic 
examination indicated a ferritic microstructure matrix with 
austenite islands (Figure 1) which is expected for this class of 
materials, according to Naghizadeh and Moayed17. For UNS 
S31266 the micrography obtained (Figure 2) revealed the 
austenitic microstructure of the material without precipitation 
of intermetallic phases, as presented by Le Manchet and 

Table 1. Summary of the chemical composition of the materials studied (% by mass) and PRE.

UNS %Cr %Ni %Mo %N %W % Fe PRE
S32205 22.2 5.23 3.14 0.17 - balance 35.4
S32750 25.4 6.47 3.82 0.30 - balance 42.8
S32707 26.7 6.37 4.77 0.38 - balance 48.5
S31266 24.0 22.85 5.38 0.43 1.85 balance 48.7
N06625 21.4 balance 8.72 - - 50.2
N10276 15.6 balance 15.5 - 3.73 - 66.8

Figure 1. Cross section micrograph of the UNS S32205 sample 
after etching.

Figure 2. Cross section micrograph of the UNS S31266 sample 
after etching.
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Mottu-Bellier18. For the nickel-based alloys the microstructures 
obtained were also austenitic and a typical example is shown 
on (Figure 3), similar to the ones in literature19.

All valid CPT results obtained through potentiostatic 
polarization are shown in Figure 4, where the materials are 
presented in ascending order of PRE. The results obtained 
between samples of the same material have low variation, 
showing that the proposed method generates accurate results 
and can be trusted within few tests. An exception is made 
for the results obtained for nickel-based alloys, since it was 
not possible to measure the CPT of UNS N10276 due to 
temperature limitation and frequent occurrence of crevice 
corrosion.

The potentiostatic polarization curves obtained for 
the studied alloys, including the nickel-based ones, can be 
seen in more details in Figures 5 to 10. The samples that 
presented crevice corrosion are available in dotted lines and 
those results were not considered valid.

Figure 3. Cross section micrograph of the UNS N10276 sample 
after etching.

Figure 4. CPT results for the tested alloys.

Figure 5. CPTs obtained for UNS S32205 samples.

Figure 6. CPTs results of UNS S32750 samples. Crevice corrosion 
occurrence represented in dotted lines.

Figure 7. CPTs obtained for UNS S32707 samples.

Figure 9. CPTs tests for UNS N06625 samples. Crevice corrosion 
occurrence represented in dotted lines.

Figure 8. CPTs obtained for UNS S31266 samples.

It is also worth mentioning that it was possible to 
determine the CPT of UNS S32707 (Figure 7) and UNS 
N31266 (Figure 8) through the proposed method, which is 
a difficult task when 1M NaCl solution defined by ASTM 
G1502 was used, since these materials have PRE greater 
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than 47 and were expected to have CPT greater than 100°C 
in 1M NaCl3.

For the nickel-based alloys, it was possible to determine 
the CPT of UNS N06625 as greater than 85°C (Figure 9), the 
maximum temperature used in the test. Precise value was not 
possible to be determined due to the temperature limitation 
of the heating fluid used. This CPT value is similar to results 
from Klapper, Zadorozne and Rebak20 and Le Manchet and 
Mottu-Bellier18 for immersion tests following ASTM G481. 
Typical CPT-values of 75°C to 100°C were also identified 
after ASTM G481 tests according to VDM21.

A high occurrence of crevice corrosion was observed 
for nickel-based alloys, making it impossible to determine 
CPT for the UNS N10276, and difficult to determine a 
precise CPT for UNS N06625, as previously mentioned. 
As shown in Figure 9 and Figure 10, the number of CPT 
tests performed for nickel-based alloys was greater than 
the number of tests required to determine the CPT of the 
stainless steels, showing a deficiency in the technique used 
to determine CPT for this class of materials. This deficiency 
was influenced by the apparatus used with tube samples cut 
and pressed in hot cured thermoset resin. Crevice corrosion 
regions were observed between the samples and the resin 
as exemplified in Figure 11.

The unexpected low crevice corrosion resistance 
found for nickel alloys has previously been reported by 
Delblanc et al.22 and McCoy et al.23. Delblanc et al.22 also 
observed that UNS N06625 has a high passive current compared 
to stainless steels, and while analyzing the chromium content 
on the crevice surface, they found chromium levels as low 
as 5 wt% for UNS N06625. For UNS N06625, the high 
current densities measured in potentiostatic test (Figure 9) 
at low temperatures could imply high passive currents. 
This could thus lead to a rapid IR-drop and then crevice 
solution quickly becomes more aggressive for UNS N06625. 
Shaw et al.24 reported about IR drop (ohmic or potential 
drop of the creviced surface) for UNS N06625 and Betts 

Figure 10. CPT tests for UNS N10276 samples. Crevice corrosion 
occurrence in all tests, represented in dotted lines.

Figure 11. Crevice corrosion regions observed after CPT test for 
UNS N06625 sample, detached from the thermosetting resin.

and Boulton25 demonstrated that migration of aggressive 
hydride and chloride ions into the crevice is enhanced with 
an increased IR-drop, corroborating this analysis.

Within the nickel based alloys studied there is a large 
difference between the CPT values and the critical crevice 
temperature (CCT). Considering ASTM G481 tests performed 
at UNS N1027626, for example, the gap between CPT and 
CCT can reach 95°C, facilitating the appearance of crevice 
corrosion instead of pitting. For the studied stainless steels 
this gap is around 30°C27.

4. Conclusions
The comparison between nickel alloys and stainless 

steels pitting corrosion through polarization tests still needs 
to be properly discussed and studied. With the results of this 
study it is possible to conclude:
❖ The method used for potentiostatic CPT measures was 

efficient to analyze stainless steels with high corrosion 
resistance but unable to determine accurately the CPT 
for nickel alloys due to temperature limitation, and 
test apparatus that lead to high tendency of crevice 
corrosion in nickel-based alloys.

❖ Nickel based alloys showed a higher susceptibility 
for crevice corrosion on CPT measurements when 
compared to stainless steel, which was not expected 
based on PRE analysis, indicating once more that 
these material class behave differently under corrosive 
environments.

❖ When comparing these material classes in a chloride 
containing environment the presence of crevices must 
be taken into consideration, as this study showed that 
the nickel base alloys can have a higher tendency for 
this corrosion type than the stainless steels.
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