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Abstract Steels employed in offshore oil and gas 
production are subject to a very corrosive environ-
ment.  Especially the new oilfields located in pre-salt 
layers imply the contact of steels with high brine 
concentration, high temperature and presence of 
corrosive gas such as CO2. Besides these facts, stain-
less steels have to present higher mechanical proper-
ties obtained from an optimized heat treatment. In 
order to take into account these factors and their 
synergisms, on the present paper, we have chosen a 
factorial experimental design to study the corrosion 
behavior of superduplex steel UNS S32750 by elec-
trochemical tests. The results of open circuit poten-
tial, polarization curves and electrochemical imped-
ance were analyzed with statistical methods consi-
dering a confidence level of 95%. The factors that 
significantly affect the corrosion potential are the 
carbon dioxide and heat treatment; the corrosion 
current is sensitive to carbon dioxide, and the resis-
tance of polarization is strongly affected by the CO2 
content. 

Keywords superduplex stainless steel, polariza-
tion, factorial design 

I. INTRODUCTION 
The use of design of experiments in corrosion field is 
relatively limited, albeit the inherent advantages such as 
the improvement of process yield, reduction of devel-
opment time and also can reveal the key-parameters that 
impact the final performance of material properties. In 
this sense, we can cite the following works where corro-
sion was investigated by factorial design (Pariona and 
Muller, 1998; Meng et al., 2007; Hajeeh, 2003). 

The presence of CO2 promotes the so-called sweet 
corrosion that attacks the facilities made of low alloy 
steels in oil and transportation plants. In these contexts, 
a solution for these industries is the use of inhibitors for 
carbon steels (Paolinelli et al., 2008; Linter and Burs-
tein, 1999; Carvalho et al., 2005) or to choose corrosion 
resistance alloys (CRA) which are more expensive than 
carbon steels. The modern duplex, superduplex and 
hyperduplex stainless steels present high corrosion and 
mechanical resistances, but they are not immune to cor-
rosion in high aggressive chloride conditions (Deng et 
al., 2008; Bastos et al., 2007). Indeed, for the superdup-
lex, the interplay between microstructure and localiza-
tion of anodic and cathodic process is a key-factor of the 

corrosion intensity (Tsai and Chen, 2007) mainly for 
localized corrosion (Bastos and Nogueira, 2008). 

The choice of using duplex stainless steels instead of 
the wide spread 300-series for chemical and petrochem-
ical applications occurs thanks to their higher mechani-
cal properties and to less susceptibility to chloride stress 
corrosion cracking and pitting (Gunn, 2003). In addi-
tion, their prices are competitive for some offshore ap-
plications. However, the complex microstructure, chief-
ly formed of ferrite and austenite, allows diverse heat 
treatments in which phases precipitate by time-
temperature transformations. These rich microstructure 
scenarios, the peculiarities of corrosion resistance and 
the ever increasing demand for this steel grade make 
them very attractive to be studied. Thus, in the present 
paper we have shown how carbon dioxide, brine con-
centration and temperature affect the corrosion of UNS 
S32750 steel with two microstructural conditions. After 
the previous study of localized corrosion for this materi-
al (Bastos et al., 2007, Bastos and Nogueira, 2008), in 
this paper, we have focused on the uniform corrosion 
because this is the main corrosion form of carbon steel 
in oil and gas plants, and the S32750 is a candidate to 
substitute the ordinary steel and other stainless steels. 
The CRA exhibit good resistance to uniform corrosion 
in the majority of industrial environment and their 
weakness is mainly the localized corrosion. Indeed, vast 
quantity of published work is devoted to study the loca-
lized corrosion. However, the investigation of uniform 
corrosion is also necessary, chiefly in industrial condi-
tions that are challenging even for CRA, as is the case 
of pre-salt oilfields. To account for this aggressiveness, 
new alloys have been developed and consequently the 
corrosion properties must be known. We have chosen 
the chloride content, temperature and carbon dioxide 
typical of those present in actual pre-salt oilfields. In the 
present work, we focus on the study of the effect of pre-
salt environment in the general corrosion of UNS 
S32750 alloy.      

II. MATERIALS AND METHODS 

A. Materials 
Samples of UNS S32750 stainless steel were heat 
treated at 800oC for ¼ hour and 2 hours so as to yield 
two distinct microstructures. For the sake of simplicity, 
we will call these microstructures as M¼ and M2. This 
procedure allows the formation of deleterious phases 
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such as sigma, which degrade the corrosion resistance, 
as discussed elsewhere (Bastos et al., 2007).  

The samples were attacked by Behara´s solution to 
reveal the microstructure and then they were observed 
by optical microscopy.   

The solutions used for the electrochemical experi-
ments were prepared with NaCl in order to produce two 
high chloride contents (70.000 and 140.000 ppm) be-
cause these concentrations can occur during the oil 
processing. The temperatures of 30 and 60oC were set 
before immersion of samples, as well as the saturation 
of solution with carbon dioxide gas in specific cases. 

Prior to electrochemical measurements, the sample 
surfaces were gritted with emery paper up to # 600, 
washed with distilled water and dried with hot air. The 
performed corrosion tests consist of monitoring the free 
corrosion potential for one hour, followed by electro-
chemical impedance spectroscopy (10 mVpp, 5 m-60 
kHz) at corrosion potential and subsequently a polariza-
tion curve swept at a scan rate of 1.0 mV/s from 200 
mV below corrosion potential up to 1.0 Vsce. All poten-
tial refers to saturated calomel electrode (sce).  

Finally, these tests enabled many corrosion parame-
ters to be obtained, such as: - corrosion potential, im-
pedance modulus, corrosion current density, and polari-
zation resistance. The significances of data were tested 
with statistical method described in the next section. 
Besides the statistical approach, the usual discussion of 
electrochemical behavior is also presented. 

B. Factorial Method 
We use a single replicate of 16 experiments to study the 
corrosion behavior of a superduplex stainless steel UNS 
S32750. The orthogonal 24 design reveals the main ef-
fect as well as the synergism of them. The chosen fac-
tors are likely to occur in extra-deep offshore oil extrac-
tion: salinity (A), temperature (B), heat treatment expo-
sure (C) and presence of CO2 gas (D). The uncodified 
levels of factors are presented in Table 1. The single 24 
factorial experimental designs in the codified mode are 
depicted in Table 2. Each number in this table 
represents one experience. The factorial design allows 
the evaluation of main effects as well as their mutual 
interactions. Each experiment was performed in rando-
mized way to reduce systematic errors. The conditions 
depicted in Table 1 occur in offshore oil and gas exploi-
tation, mainly in locations named pre-salt. The Brazilian 
huge oil and gas reserves are located in geologic sites 
where similar conditions are present. As the number of 
factor is relatively high, it is convenient the use of sta-
tistics to evaluate the significance of factors.  

Table 1 – Factors employed in the experiments. 
Level A –   

Salinity 
(NaCl ppm) 

B – 
Temp. 
(oC) 

C – Heat 
treatment time 

at 800oC (s)  

D –  
CO2  

Low - 70.000 30 900 absent 
High+ 140.000 60 7200 saturation

Table 2 - Factorial experimental design codified factor for 
corrosion tests.  

Factor Experiment 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
A - + - +  - + -  + -  +   -    +   -   +    -   +  
B - - + +  - - +  + -  -   +    +   -   -    +   +  
C - - -  -  + + +  + -  -   -    -   +   +   +   +  
D - - -  - -   - -  - +  +   +    +   +   +  +   +  

The statistical data treatment was accomplished 
through the software Minitab 15 that uses the analyses 
of variance to determine the significance of factors. As 
the number of factor is relatively high, 4, we apply the 
principle of sparsity of effects, that is, the system is 
dominated by the main factors and low-order interac-
tions, i.e., there is an expectation that the higher order 
effects must be of minor statistical importance. Conse-
quently, the error can be evaluated by the higher order 
of interactions. A procedure to check this model con-
sists of plotting the effects in a normal distribution. The 
negligible factors fall along a straight line, whilst the 
significant ones lay out of the line. 

The statistical significance test evaluates the F-ratio 
(square of effects/square of residuals). If the calculated 
F is higher than a Fo for a given significance level 
(usually 0.05) and a given degree of freedom, this effect 
is considered as statistically significant, otherwise, is 
unimportant. A reference about design of experiment 
was presented in Montgomery and Runger (1994). 

III. RESULTS AND DISCUSSION 

Both M¼ and M2 microstructures are depicted in Fig. 1. 
The sample treated for a shorter time still preserve its 
duplex microstructure consisting of austenite and ferrite 
in roughly equal proportion, but the long time exposi-
tion promotes a strong changing in the microstructure. 
Indeed, the heat treatments performed during 2 hours 
show, besides a duplex structure, the grain boundary 
precipitation and also the sigma phase (σ) formation in 
the ferrite phase. A more detailed discussion about the 
phase transformation is found elsewhere (Bastos et al, 
2007). Anyway, as the metallurgical condition changes, 
there is a modification of localized corrosion resistance. 
In addition, the specific metallurgical regions can work 
as anodic or cathodic sites as described by Tsai and 
Chen (2007) and this dissimilarity favors the local dis-
solution. However, in the present paper we addressed 
mainly the uniform behavior near the free corrosion 
potential because it is the situation more related to real 
application. 

900 s at 800oC (M¼) 72000 s at 800oC (M2) 
Figure 1 – Microstructures of heat treated UNS S32750. 
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Figure 2 – Normal distribution of effects related to open cir-
cuit potential. 

 
Figure 3 – Evolution of open circuit potential of M¼ and M2 
at 60oC and CO2 saturation. 

 
Figure 4 – Polarization curve of experiments 1 and 9. 

The statistical distribution of effects related to the 
free corrosion potential obtained after a time delay of 
one hour is presented in Fig. 2. The data refer to a set of 
15 results: 4 main effects (A, B, C, and D factors of 
Table 1), 6 two-factor interactions, 4 three-factor inte-
ractions and 1 four-interaction, and not the electrochem-
ical potential itself. The statistically significant parame-
ters are the microstructure (C) and carbon dioxide (D). 
More precisely, the negative values in the x-axis indi-
cate that CO2 tends to reduce Eocp, whilst long-lasting 
heat treatments at 800°C have an increasing effect on 
Eocp. Figure 3 (referred to experiments 12 and 16 of 
Table 2) illustrates the corrosion potential changes with 

immersion time. As the time goes on, the potential be-
come nobler for both, but the M2 has a more erratic 
behavior, with broad fluctuations in negative sense, al-
though its average value is superior to M¼. The satura-
tion of CO2 does not prevent the potential increase.  

Stainless steel usually presents an increase of the 
open circuit potential with time as observed in Fig. 3, 
which is often related to the improvement of corrosion 
resistance as the result of passive film ageing. An addi-
tional effect related to the metal exposition at 800oC 
could be the solid-state diffusion of alloying elements 
that could induce the formation of a nobler passive 
layer. The diffusion during heat treatment occurs mainly 
in ferrite phase (Gunn, 2003). As a result, some precipi-
tation occur giving rise to heterogeneous microstruc-
tures as depicted in Fig. 1. The several decays on the 
corrosion potential for the M2 microstructure could be 
associated to metastable localized corrosion, which 
means that each drop corresponds to the depassivation 
followed by the repassivation of the sample surface.  

The obtained data confirm our hypothesis that all in-
teractions of third and fourth orders are insignificant at a 
confidence interval of 0.05, at least for corrosion poten-
tial. Therefore, these interactions can be used to esti-
mate the pooled evaluation of mean square error. He-
reafter, the estimation of mean square error of others 
parameters will follow this methodology. 

The normal distribution considered here is robust to 
model this data, since, in general, the design with a sev-
eral independent factors tend to have a normal distribu-
tion as a consequence of central limit theorem.  

Figure 4 shows the polarization curves of experi-
ments 1 and 9. These curves were potentiodynamically 
performed and the corrosion current densities were ob-
tained from these results using the traditional Tafel fit-
ting. The surface analysis after the polarization curves 
do not reveal the presence of pits, as it is expected when 
the anodic current returns nearly in the same path with 
the reversion of applied potential as depicted in Fig. 4. 
The behavior of elevation of current intensity near 0.9 
Vsce is related to the electrolyte oxidation instead of 
localized corrosion. 

For the corrosion current density, the only relevant 
parameter, alone or combined with those of order supe-
rior than one, within the tested conditions is the CO2, as 
shown in the Fig. 5. The carbon dioxide has a positive 
effect, which means that its presence augments the cor-
rosion current. Indeed, the carbon dioxide is an impor-
tant aggressive agent, mainly for carbon steels, and for 
the findings present here, it is also relevant for super-
duplex, at least for the considered confidence.   

The saturation of CO2 causes the acidification of the 
chloride medium, as illustrated in Fig. 6, due to the for-
mation of carbonic acid by CO2 hydration (H2O + CO2 
= H2CO3). The bubbling of CO2 can affect the anodic 
and cathodic process. The carbonic species acts as iron-
ligand and accelerate the iron dissolution  (Nešić, 2007). 
Although the effect of CO2 in anodic branch of stainless 
steel in 0.5 M NaCl showed to be no measurable at 
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room temperature (Linter and Burstein, 1999), for the 
corrosion current density present here, related to super-
duplex, the carbon dioxide modifies their values. 

For sweet corrosion of iron, it is observed that the 
corrosion steadily decreases with pH in the region 
4<pH<7 (Nešić, 2007). A similar behavior is found for 
superduplex, as shown in Fig. 7. This effect is calculate 
as the difference between the average response in 8 high 
level of carbon dioxide experiments and the 8 low level 

ones, 8
16

9
 iYES icorrD  and 8

8

1
 iNO icorrD  respective-

ly. From pH 4 to 8, all carbonic acid practically trans-
forms into bicarbonate due to the first ionization of 
H2CO3 (H2CO3 = H+ + HCO3

-) under chemical equili-
brium. The hydration curve of Fig. 6, performed at 
60oC, indicates that the pH reaches the steady-state in a 
time inferior than approximately 200 s from the begin-
ning of bubbling. Without carbon dioxide bubbling the 
pH is 7.2 and with addition, the pH is shifted to 4.0. 

The behavior of the polarization resistance (Rp) re-
veals that carbon dioxide is very important, and nega-
tively affects the Rp. In addition, the temperature also 
has a similar effect, but with less impact as evaluated by 
the distance between the given point and the line of 
normal distribution. A synergism with CO2-temperature 
(second-order) occurs, and, as expected, the joint effect 
of these factors has a positive signal, although indivi-
dually each factor has a negative effect. From the dis-
tance of straight line, its impact has approximately the 
same magnitude of that of temperature. Unfortunately, 
the correlation between Icorr and Rp was impossible to 
be obtained because in this case there is no degree of 
freedom in the unreplicated design. The relation be-
tween Rp and Icorr is complex because dependents on 
the actual mechanism of electrochemical reactions, but 
it can be roughly assumed to vary inversely as predict 
by Stern-Geary relationship. Summarizing, it is interest-
ing to observe that CO2 has positive effect on Icorr (Fig. 
7), and negative one in Rp (Fig. 8). 

The CO2 bubbling in an aqueous solution reduces 
the pH, but for Linter and Burstein (1999) the pH itself 
is not the responsible for the corrosion behavior, since 
changing in pH does not completely emulates the com-
portment of carbon dioxide at least for carbon steel. 

 
Figure 5 – Normal distribution of effects related to corrosion 
current density. 
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Figure 6 – Medium acidification by carbon dioxide. 

 
Figure 7 – Dependence of corrosion current on carbon dioxide 
presence. 

 
Figure 8 – Dependence of Rp on carbon dioxide and tempera-
ture. 

Certain properties of the passive film can be charac-
terized by electrochemical impedance spectroscopy – 
EIS. The complete impedance for Bode representation 
of experiments 1 and 9, for instance, is shown in Fig. 9. 
These tests were performed with salinity, temperature 
and exposure time at 800oC in low levels, and such way 
that the CO2 effect can be observed.  Moreover, from 
the angle phase results, there is a tendency of two time 
constant formation, but this behavior is found far 
beyond the frequency used in the factorial design dis-
cussion. 

The EIS produces as result a complex diagram, thus 
to use the impedance results in design of experiment 
framework is necessary to choose one-dimensional pa-
rameter.  In this way, we have chosen the impedance 
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modulus at low frequency, because it tends to Rp for 
null frequency. The normal distribution of parameters is 
shown in Fig. 10 and again the only relevant factor is 
the presence of carbon dioxide. In fact, the carbon dio-
xide played an important role in corrosion of the super-
duplex stainless steel, as shown in all electrochemical 
results. 

IV. CONCLUSIONS 
An orthogonal design of experiment was carried out to 
investigate the corrosion of superduplex stainless steel 
UNS S32750 in two microstructural conditions. Thus a 
24 factorial design was implemented to analyze the elec-
trochemical parameters of open circuit potential, corro-
sion current density, resistance polarization and electro-
chemical impedance. The physico-chemical conditions 
of electrolyte were the brine concentration of 70,000 
and 140,000 ppm, temperature (30 and 60oC) and pres-
ence or not of carbon dioxide. The levels of brine con-
centrations were not relevant for the corrosion of both 
microstructures. The CO2 bubbling had a strong statis-
tical significance for all parameters within the studied 
conditions. Finally, the employed experimental condi-
tions simulated a real application of this material such 
as it is found in ultra-deep oil exploitation. 
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Figure 9 – Impedance diagram obtained at EOCP. 

 
Figure 10 – Dependence of Rp on carbon dioxide and temper-
ature. 
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