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Austenitic and lean duplex stainless steels, such as AISI 317L and SAF 2304, present high mechanical
and corrosion resistance, which make them alternative materials for biodiesel plant equipment. Because
there is not sufficient research about these stainless steel-specific applications, this work aims to
evaluate AISI 317L and SAF 2304 stainless-steel pitting corrosion resistance in a chloride-containing
acidified glycerin solution, collected directly from a biodiesel plant. The SAF 2304 presented a higher
pitting potential than the AISI 317L, at room temperature and at service temperature, 337 K. However,
the SAF 2304 passive layer was more reactive than the AISI 317L, showing a higher passive current
density in the polarization and chronoamperimetric tests. Furthermore, the Mott—Schottky technique
showed that the passive layer of the AISI 317L steel contained a lower concentration of defects than
the passive layer of the SAF 2304, and the oxides of the passive layers are n-type semiconductors.
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1. Introduction

The wide use of fossil fuels brings climatic and economic
consequences, such as environmental pollution, atmospheric
warming, and the dispute over petroleum reserves caused
by its inevitable depletion'?. Several research about the
use of biodiesel as a clean and renewable energy have been
developed to reduce petroleum consumption®?. Biodiesel is
obtained from a transesterification reaction. It is a reaction
between vegetable oils, animal fats or waste grease, and
a short chain alcohol, in the presence of a catalyst. The
biodiesel production generates glycerin as a byproduct®’.

Strong bases, such as sodium or potassium hydroxide, are
used as the reaction catalyst in biodiesel industries. For the
neutralization of the alkaline catalyst, a diluted hydrochloric
acid is used®. However, the use of a hydrochloric acid solution
promotes localized corrosion on the production process
equipment®'°, Pitting corrosion is one of the most common
and dangerous forms of localized corrosion in passive metals
and commonly occurs in aggressive environments such as
bromide and chloride solutions®!'.

Some authors have studied stainless-steel corrosion using
biodiesel as the medium'>'#, but literature about stainless-
steel corrosion from chloride-containing acidified glycerin,
collected directly from biodiesel processes, is scarce'>"°.

Austenitic stainless steels (ASS) usually exhibit good
corrosion resistance, due the passivation layer formed on
their surface, which is composed of iron and chromium
oxides®?. The localized corrosion resistance is increased
by the molybdenum addition to the ASS. Furthermore,
molybdenum promotes the passivation layer stabilization*2¢.

Duplex stainless steels (DSS) are also resistant to
corrosive environments. They show good mechanical
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properties due to the ferrite (o) phase existence and have a
high corrosion resistance because of the austenite (y) phase
presence. Those phases are present in almost equal volume
fraction. However, they can be embrittled, have their good
corrosion properties affected, and the working temperature
limited to 350 C by a secondary phase precipitation, such
as o (sigma) or y (chi) and other particles or phases such as
Cr,N (chromium nitrides) or o’ (alpha prime)*’*. Duplex
stainless-steel passivation layer is stabilized by chromium
and the nickel chemical content®>°. In lean duplex steels,
nickel and molybdenum content is reduced compared with
duplex stainless steels with the aim to reduce cost, which is
compensated by increasing manganese and nitrogen content
to ensure the austenite phase formation'.

Literature has proved that SAF 2304 lean duplex stainless-
steel corrosion resistance is comparable to the AISI 316L
austenitic stainless steel*>!. From earlier studies, the AISI
317L presents higher corrosion resistance than the AISI 316L
stainless steel. Likewise, it can be expected that AISI 317L
austenitic stainless steel has better corrosion resistance than
SAF 2304 lean duplex steel. In this way, this research aims
to find a steel that has better corrosion resistance than the
steel 304L in a chloride-containing acidified glycerin solution
from a biodiesel plant, at 337K, service temperature. It is
known that AISI 317L and SAF 2304 have higher corrosion
resistance than 304L, but there is no research that compares
both stainless steels in this specific solution and temperature.
It makes this work interesting and useful for further research
and industrial processes.

In this paper, the localized corrosion resistance of the
AISI 317L austenitic stainless steel and the cold-rolled
SAF 2304 lean duplex steel was studied in acidified
glycerin medium, collected directly from a biodiesel plant.
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Anodic potentiodynamic polarization procedure was used to
evaluate the localized corrosion of steels at 337 K, a service
temperature of the biodiesel plant. Cyclic potentiodynamic
polarization technique was used with the objective to study
the temperature influence on the materials’ pitting corrosion
and the repassivation behavior, at room temperature.
Chronoamperometry was performed to analyze the protective
characteristic of the passive layer by applying 0.1 V and
0.2 V (Ag/AgCl) potentials, with a duration of 2000 s
at room temperature. Mott—Schottky analysis provided
information about the passive films’ dielectric properties at
room temperature. Scanning electron microscopy (SEM)
analysis and energy dispersive spectroscopy (EDS) were
employed to characterize the corroded surfaces!-?>323,

2. Experimental Procedure

2.1. Materials

The AISI 317L austenitic stainless steel and the cold-rolled
SAF 2304 lean duplex stainless-steel chemical composition is
shown in Table 1. Steels samples were provided by Aperam
South America, Brazil. The samples were cut in 10 mm x
10 mm x 4 mm dimensions and mounted in epoxy resin.
After that, the samples were polished using SiC paper of
decreasing grit size: 100, 220, 400, and 600 mesh. The
electric contact between the sample and the potentiostat was
made by means of a welded copper wire. All edges were
coated with insulating resin to avoid crevice occurrence
during the experiments. The testing surfaces were washed
with alcohol and dried.

2.2. Electrochemical measurements

The potentiodynamic polarization measurements were
carried out according to the ASTM G-61 Standard>®. All the
electrochemical experiments were performed in chloride-
containing acidified glycerin solutions with 49.5 wt.%
glycerin, 29 wt.% methanol, 17 wt.% water, 3 wt.% NacCl,
and 1.5 wt.% organic materials, obtained from Petrobras
Biocombustiveis. The anodic polarization test was performed
at 337 K and the cyclic potentiodynamic polarization was
done at room temperature. The temperature of 337 K was the
service temperature from biodiesel production. The glycerin
composition is shown in Table 2. An electrochemical system
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with three electrodes was used: platinum as the counter
electrode, Ag/AgCl as the reference electrode and the AISI
317L and SAF 2304 lean duplex stainless-steel samples as
working electrodes.

The anodic polarization experiments were performed
using IviumStat potentiostat and the data was obtained with
IviumSoft software. Cyclic polarization, chronoamperometry
and Mott—Schottky analysis were performed by using the
PGSTAT100N system (Metrohm Autolab) and the NOVA
2.1 software. Before starting the anodic polarization test,
the working electrode was immersed in the test solution for
3300 s and the open circuit potential (OCP) was measured.
After the OCP achieved the equilibrium, the working
electrode potential was scanned in the anodic direction
from 50 mV below the OCP until 500 mV, at 0.167 mV/s
scan rate. For the cyclic polarization procedure, the scan
was reversed in the cathodic direction after reaching the
potential of 700 mV. Each test was repeated at least three
times to ensure reproducibility.

Chronoamperometry was carried out setting the potential
of 0.1 VAg/AgCl and 0.2 V Ag/AgCl for 2000 s.

Mott—Schottky analysis was carried out at a frequency
of 1 kHz using a 10 mV ac signal and a step potential of
50 mV, in the cathodic direction from the initial potential of
-1.0V, to the final potential of 1.0 V

Ag/AgCl Ag/AgCl®

2.3. Surface characterization

The corroded surfaces were characterized by scanning
electron microscopy (SEM) analysis, using the FEG - Quanta
200 FEI scanning electro-microscope equipped with an energy
dispersive spectrometer (EDS) with a voltage of 30 kV and
a working distance of 10 mm.

3. Result and Discussion

3.1. Electrochemical study

Figure 1 shows the anodic polarization curves for AISI
317L and SAF 2304 stainless steels (SS) in chloride-containing
acidified glycerin solution, at 337 K. The data obtained from
Figure 1 are shown in Table 3.

Both steel curves showed a typical active-passive-
transpassive behavior in medium containing chloride with active
dissolution, with passivation and the breakdown potentials®’.

Table 1. Chemical composition of AISI 317L and SAF 2304 (wt%) and Pitting Resistance Equivalent Number (PREN) values

(Source: Aperam South America, Brazil).

Steel Type UNS C Mn Si Cr Ni Mo N PRE
AISI317L S31700 0.03 2.00 0.75 19.00 13.00 3.50 0.06 31.51
SAF 2304 S32304 0.011 1.450 0.201 22.870 4.202 0.275 0.1193 25.69

Table 2. Glycerin characteristics (Source: Petrobras Biocombustiveis, Brazil).

Characteristics Method Result Unit
pH BIO 1012 6.17 -
Conductivity STD 2510 4.90 mS/cm
Moisture E203 14.94 %m/m
Acidity CA5A-40 0.1 %m/m
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The pitting corrosion occurrence is indicated in the graph
by a abrupt increase of the passivation current for a small
variation of potential. The breakdown potential (Epit) was
given by the intersection between the tangents of the passive
region and the transpassive region’®.

Pitting resistance equivalent number (PREN) is used to
evaluate qualitatively steel’s pitting corrosion resistance.
This factor is correlated with the Cr, Mo and N chemical
contents through the equation: PRE = %Cr + 3.3%Mo +
16%N", According to PREN values presented in Table 1,
AISI 317 has higher PREN than SAF 2304, indicating
a higher corrosion resistance of AISI 317 than the SAF
2304. However, according to Mesquita et al.’, PREN value
does not consider the effects of the microstructure, surface
condition, temperature, number of secondary inclusions,
which influence the steel’s corrosion behavior. Moreover,
in duplex stainless steels, the chemical elements are not
homogeneously distributed between the two phases. The Cr
and Mo are preferably distributed in the ferrite phase and
N and Ni elements are dispersed in the austenitic phase™.

In Table 3, the E value of SAF 2304 (322 +£ 50 mV) was
higher compared to AISI 317L (196 £+ 55 mV), indicating
a better corrosion behavior of the SAF 2304 due to the
higher passive region. On the other hand, the I__ value
of SAF 2304 (0.14 = 0.15 pA/cm?) was higher than AISI
317L (0.023 £ 0.008 pA/cm?). The high content of noble
elements, such as nickel and molybdenum, in the AISI317L
SS contribute to the highest value of'its E__and the lowest
value of L, . than SAF 2304. However, the chloride ions
break through the AISI 317L SS passive layer more easily
than they do through the layer of SAF 2304, since the E.
value of SAF 2304 was higher compared to AISI 317L.

Table 3. Corrosion potential, corrosion current density, passivation
potential, passive current density, and pitting potential average results
of AISI 317L and SAF 2304 SS, in chloride-containing acidified
glycerin solution at 337 K.

AISI317L SAF 2304
E__ (mV) 34+ 7 -67+8
I (uA/em?) 0.023 + 0.008 0.14£0.15
E . (mV) 5.0+24 -17+3
1, (uA/en) 0.22 £0.07 0.4+0.03
E_ (mV) 196 + 55 322+50

pit

Table 4. Corrosion potential, corrosion current density, passivation
potential, passivation current density, and pitting potential average
results of AISI 317L SS and SAF 2304 SS in chloride-containing
acidified glycerin solution at room temperature.

AISI317L SAF 2304
E, (mV) 44+ 7 230+ 110
(,uA/cmZ) 0.0027 +0.0010 0.1740.12
1. (uA/em?) 0.050 + 0.027 614
Ep“ (mV) 330+ 67 500 + 33
(mV) - 26+9

plt)l

Cyclic potentiodynamic polarization testing was
performed for AISI 317L and SAF 2304 SS in chloride-
containing acidified glycerin solution, at room temperature,
as shown in Figure 2. The data obtained from Figure 2 is
shown in Table 4.

From the cyclic polarization tests, at room temperature,
the E . value of SAF 2304 (500 + 33 mV) was higher
than AISI 317L (330 + 67 mV). I of SAF 2304
(6 = 4 pA/cm?) was higher than the I , of the AISI 317L
(0.050 + 0.027 uA/cm?) as well. In Flgure 2, notice that
AISI 317L did not repassivate at the reverse scan and
showed a positive hysteresis. The SAF 2304 also showed
a positive hysteresis but repassivated in the reverse scan
with a protection potential at -26+ 9mV.

Comparing Figures 1 and 2, it can be noted that as
temperature decreased, there was an increase in the pitting
potential of both steels, as was expected by the literature!,
Considering the breakdown potential, the SAF 2304 is more
corrosion resistant than AISI 317L in both temperatures,
337 K and at room temperature. However, the I _and I
remained lower for AISI 317L compared with SAF 2304

ass

—317L

0.1

0.04

Pontential vs Ag/AgCl (V)

-0.1 4

Density current log (A/cm”™)

Figure 1. Anodic polarization curves of the AISI 317L and SAF
2304 SS in chloride-containing acidified glycerin solution at 337 K.
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Figure 2. Cyclic polarization curves of AISI 317L and SAF 2304 SS
in chloride-containing acidified glycerin solution at room temperature.
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Considering that acidified glycerin is not a very aggressive
medium to these steels (pH 6), the critical parameter in localized
corrosion can be considered as the passive film properties
in presence of chloride, evaluated by chronoamperometry
and Mott—Schottky analysis*..

3.1.1. Chronoamperometry

For the Chronoamperometry test, a constant potential of
0.1 and 0.2 V (Ag/AgCl) was applied for 2000 s, as shown
in Figures 3 and 4. These potential values were chosen based
on the AISI 317L and the SAF 2304 passivation regions.
With this fact, the AISI 317L and SAF 2304 passive layer
stability was evaluated in chloride-containing acidified
glycerin solution at room temperature.

It can be seen in Figure 3, for SAF 2304 and AISI317L,
that under 0.1V, the current density was stable during the time
analyzed. It also remained around the order of 107A/cm? for
both steels. The initial positive current peak (at zero time)
can be due to the preexisting metal oxide dissolution on
the surface®.

In Figure 4, under 0.2V the current density of SAF 2304
was not stable. It varied around 10 A/cm?. On the other
hand, the current density of AISI 317L was stable. It was
around 10° A/cm?. It can be concluded that the AISI 317L
passive layer at 0.2 V (Ag/AgCl) was more protective than
the passive layer of the SAF 2304. The chronoamperometry
results corroborate with the polarization curve, because in
Figures 1 and 2 the AISI 317L presented lower Lo than
the SAF 2304.

3.1.2. Mott-Schottky

The Mott-Schottky analysis of the passive film semiconducting
characteristic formed on stainless steels can be used to support
the study about corrosion resistance®374%, However, the
electronic properties of stainless steel’s passive layers may
be difficult to measure due the bilayer film’s structure*. The
passive film on stainless steel is composed of two distinct
layers. For most authors, the inner layer is rich in chromium
oxide, Cr,0,, and the outer layer is a mixture of iron oxide,
Fe,0,, and iron hydroxides***>434,

Based on the point defect model (PDM), the point defects
in the passive film are cation vacancies, oxygen vacancies, and
cation interstitials. Cation vacancies are electron acceptors,
and oxides with cation vacancies are considered a p-type
barrier layer. Oxygen vacancies and metal ion interstitials
are electron donors, resulting in n-type semiconductors.
These passive films’ semiconducting behavior depends on
the relative number of defects within the film*3#74,

The Mott-Schottky analysis is based on the measured
capacitance of the n-type and p-type semiconductor
as a function of the applied potential, according to the
Mott—Schottky equation described as7:#1:46-4%:

A, 2 [E—E —k—Tj (1)

where e is the electron charge (1.6029x10"° C); N is the
donor density for n-type semiconductor or the acceptor
density for p-type semiconductor; & is the semiconductor
relative dielectric constant (for stainless steel, this value is
15.6%4748); ¢ is the vacuum permittivity, 8.8542.10" F/cm;
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k is the Boltzmann’s constant (1.38.1072 J/K); T is the
absolute temperature; E is the electrode potential and E is
the flat band potential.

From Equation 1, donor or acceptor density can be
determined from the experimental C? vs E plots slope (m),
as shown in Equation 2:

2
N=
meee()

2

For a p-type semiconductor, the “C2 vs. E” graphic
has a negative slope, which is inversely proportional to the
acceptor concentration. For a n-type semiconductor, “C™
vs. E” graphic has a positive slope, inversely proportional
to the donor concentration in the film. E, can be calculated
by extrapolation, where C2 = (0333747,

In this study, the Mott—Schottky analysis was performed
to evaluate the passivation layer electrical properties of the
AISI 317L and SAF 2304 in chloride-containing acidified
glycerin, at room temperature. The results are shown in
Figure 5 and Table 5.
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Figure 3. Chronoamperometry curves obtained for the AISI 317L

and SAF 2304 inchloride-containing acidified glycerin solution at
room temperature, applying 0.1V Ag/AgCl potential.
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Figure 4. Chronoamperometry curves obtained for the AISI 317L

and SAF 2304 in acidified glycerin solution containing chloride at
room temperature, applying 0.2V Ag/AgCl potential.
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In Figure 5, for AISI 317L and SAF 2304 samples,
Mott-Schottky analysis revealed positive and negative
slopes. These two regions can be related with the bilayer
characteristics of the passive layer. The peak shape in
Mott—Schottky plots indicate an inversion from p-type
to n-type semiconductor, in which the two oxides are in
the flat-band conditions®. From cyclic polarization data,
the passivation region (anodic domain) of AISI 317L was
above - 44mV and for SAF 2304 it was above - 230mV.
In this potential range in Mott-Schottky graph, Figure 5, it is
possible to notice that the passive layer has a semiconducting
behavior of n-type (cation vacancies). The literature affirms
that the p-type semiconductor is related to the presence of
chromium oxides and the n-type semiconductor behavior
is from iron oxides***.

In the n-type region, more than one slope can be found
for AISI317L and SAF 2304 (N, N ). It can be explained
by the non-uniform donor distribution within the film**>'.
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Figure 5. Mott—Schottky plots for the passive film formed on the
AISI 317L and SAF 2304 SS, in chloride-containing acidified
glycerin solution at room temperature.

According to Equation 2, the decrease of the slope is related
with the increase in the donor density, which agrees with the
increase of the current density due to corrosion reactions
found in cyclic polarization results.

The acceptors and donor density, shown in Table 5, were
calculated using Equation 2. Nd is the sum of all donors’
levels. The orders of magnitude were around 10%° — 10*' cm?
and were comparable to the literature'’***2. The donor density
was higher than the acceptor density in the passive film of
both steels, which can be concluded again that the passive
layer predominant properties were of n-type semiconductor.
The higher donor density of SAF2304 compared to AISI
317L indicates a more active passive layer, however the
SAF 2304 steel showed the highest E .

3.2. Surface study

The SS samples surfaces, before and after the anodic
potentiodynamic polarization and cyclic potentiodynamic
polarization, were analyzed using scanning electron microscopy
(SEM) analysis, as shown in Figure 6.

Figure 6 shows the microstructure difference between
the analyzed steels. For the AISI 317L steel, Figure 6a
shows only one surface phase, the austenite. Nevertheless,
for the SAF 2304, in (Figure 6d), it is possible to visualize
two distinct phases, a darker phase, ferrite (o), and a lighter
phase, austenite (y)'*!°. After electrochemical tests of AISI
317 LSS surfaces, in Figures 6b and 6c¢, a localized corrosion
occurred due to the presence of chlorides in glycerin.

Table 5. Acceptor density (Na) and donor density (Nd) calculated
from Mott—Schottky plots slope for the AISI 317L and SAF 2304, in
chloride-containing acidified glycerin solution at room temperature.

Steel Type Na (cm?) .10% Nd(cm?) .10%
AISI317L 1.7 10
SAF 2304 5 13

Figure 6. SEM micrographs for AISI 317L, before electrochemical test (a), after anodic polarization (b) and after cyclic polarization
(c) and for SAF 2304, before electrochemical test (d), after anodic polarization (d) and after cyclic polarization (f).
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Likewise, for SAF 2304 SS, Figures 6e and 6f, corrosion pits
were observed on the steel surface. Moreover, comparing
the pitting corrosion on AISI 317L, Figures 6b and 6¢, and
SAF 2304, Figures 6e and 6f, it is possible to notice a higher
concentration of cavities. It agrees with anodic polarization,
cyclic polarization, chronoamperometry, and Mott-Schottky
results, where it could be concluded that the SAF 2304 had a
less protective passivation layer than that of the AISI 317L,
although the E. value of SAF 2304 was higher compared
to AISI 317L.

4. Conclusion

This present work aimed to compare the corrosion
resistance of SAF 2304 and AISI 317L SS in chloride-
containing acidified glycerin solution using electrochemical
and scanning electron microscopy techniques. The following
conclusions could be driven:

*  The increase in the temperature decreased the
pitting potential of the AISI 317L and SAF 2304 in
acidified glycerin. The increase in the temperature
accelerates the conversion of pits from a metastable
condition to a stable situation on the test medium.

*  The SAF 2304 showed a higher pitting corrosion
resistance than the AISI 317L, since it showed a
higher breakdown potential than the AISI 317L, at
room temperature and 337 K, in acidified glycerin
from the biodiesel industry.

e The AISI 317L showed a more protective passive
layer than SAF 2304, with a lower passive current
density than the SAF 2304 steel at room temperature
and at 337 K. At 0.1 V (Ag/AgCl) both steels had a
constant passive current butat 0.2 V (Ag/AgCl), the
SAF 2304 SS passive current density continuously
increased with time in the acidified glycerin. The
donor density of SAF 2304 was higher than AISI
317L as well.

*  The AISI317L showed a positive hysteresis and did
not repassivate in the reverse scan in the acidified
glycerin. The SAF 2304 showed a repassivation
with a protection potential of -26 mV (Ag/AgCl).
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