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Abstract

The corrosion behaviour of 1018, 410 and 800 steels exposed to synthetic wastewater
has been studied using linear polarization resistance (LPR), cyclic potentiodynamic
curves (CPC), electrochemical noise (EN), and electrochemical impedance spectroscopy
(EIS) tests. The conditions were: biochemical oxygen demand (BOD) of 776 ppm, a
chemical oxygen demand (COD) of 1293 ppm, pH = 8 and the cell temperature was 24
°C. From the CPC and EN results, no localized corrosion was found for the stainless
steels. However, the reverse was true for the 1018 steel. The EIS results showed that
different corrosion mechanism occurred for the carbon steel compared with the stainless
steels. This shows that the corrosion mechanism strongly depends on the type of steel.
Overall, the 1018 steel exhibited the highest corrosion rate, followed by the 410 alloy.
The highest corrosion resistance was achieved by the 800 alloy. In addition, SEM
analyses were carried out to explain the experimental findings.

Keywords: carbon steel, electrochemical behaviour, stainless steels, synthetic
wastewater.

Introduction

Corrosion is a heterogeneous process involving reactions between a metal with
its environment. As corrosion reactions involve the transfer of electrons,
corrosion is an electrochemical process of oxidation and reductions reactions [1].

" Corresponding author. E-mail address: raul.sandoval@cimav.edu.mx.



R. Sandoval-Jabalera et al. / Portugaliae Electrochimica Acta 24 (2006) 393-404

Electrochemical measurements are now widely used in most fields of corrosion
research [2]. Detailed reviews are available on the application of electrochemical
techniques such as linear polarization resistance (LPR) [3-5], polarization curves
(Tafel slopes) [6-8], electrochemical noise (EN) [9-15], and electrochemical
impedance spectroscopy (EIS) [11,16-19], among others. In wastewater systems
both metallic (steel, cast iron, stainless steel) and nonmetallic materials (concrete,
ABS, PVC etc.) are widely used. For such systems, various strategies that may be
used to prevent or minimize corrosion are better design parameters, modification
of the environment and selection of construction materials [20]. Also, coal tar
epoxy systems applied to the interior of concrete pipes have been reported [21].
Regarding metallic materials issues, some valuable work has been done to
evaluate materials performance in water systems by using various techniques.
Korshin [22] and co-workers studied the effect of natural organic matter in
potable water on the corrosion of leaded brass using XPS and SIMS techniques.
Iversen [23] studied the microbial corrosion of AISI 304 and AISI 316 stainless
steels in wastewater treatment plants with the open circuit potential technique
(OCP). Tuthill [24] reports polarization curves for as-welded 304L (with heat
tint) and as-welded and pickled (heat scale removed) on the corrosion behaviour
of austenitic stainless steels in wastewater environments.

Thus, the goal of the present work is to ascertain the corrosion behaviour of three
alloys with different chromium content exposed into simulated synthetic waste
water by using various electrochemical techniques.

Experimental

The materials used were carbon steel 1018, a martensitic 410 stainless steel and
a austenitic high alloy 800 used typically in high temperature applications. Their
chemical compositions are shown in Table 1.

Table 1. Chemical composition of the alloys used / (% w.t.).

UNS Name C Mn S P Cr Ni Si Cu | Mo Ti Al
Number
G10180 1018 0.15-0.20 | 0.60-0.90 | 0.05 0.04 - - - - - -
S41000 410 0.15 1 0.03 0.04 11-13 - 1.0 - - - -
NO08800 800 0.1 1.5 0.015 | 0.015 | 19-23 | 30-35 1.0 | 0.75 - 0.6 0.6
Materials preparation

Specimens from the various alloys (working electrodes) were cut from rods into
coupons. Specimen dimensions were: 1.27 cm in diameter X 2 cm length for the
1018 steel and 800 alloy; and 0.316 c¢cm in diameter X 2 cm length for the 410
steel. The specimens were mounted in epoxy resin. After mounting, each
specimen was polished up to 1200 grit SiC paper, washed with distilled water,
degreased with acetone and dried prior to the tests. Synthetic wastewater was
prepared using 5 g of ground organic matter dissolved in 1 litre of potable water.
Table 2 shows the characterization analysis of synthetic wastewater.
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Table 2. Characteristics of synthetic wastewater.

Biochemical oxygen demand 776 ppm
Chemical oxygen demand 1293 ppm
Temperature 21 °C
pH 8

Electrochemical techniques

Electrochemical experiments were carried out using an ACM Gill 8 internal
potentiostat, zero resistance ammeter, frequency response analyzer and
galvanostat controlled by a personal computer. All the potentials were measured
using a saturated calomel electrode (SCE) as reference electrode. The counter
electrode was a platinum foil. LPR measurements were carried out by applying a
small sweep from — 20 to + 20 mV around the rest potential at a scan rate of 1.5
mV/s.

From the LPR data, corrosion rates were calculated in terms of the corrosion
current density, iy, using the Stearn and Geary [25] equation. The i, value was
calculated as follows:

where 26 is a Tafel constant value given by the software used and R, is the
polarization resistance. The corrosion rates, in mm/year, were calculated using
Faraday’s law. All tests started after 1 hour of exposition.

Cyclic polarization curves were included in this work to evaluate the conditions
of passivity and tendency of the metals to suffer local pitting [26]. In this case,
the applied potential varied from —1 V to +1 V at a scan rate of 90 mV/min. EN
measurements were based on the ASTM standard [27]. For each alloy, an
arrangement of three identical electrodes was used. Signals were collected during
1024 seconds. Experimental Nyquist diagrams were obtained using a small
amplitude signal (AV = 10 mV rms) over a frequency range from 20 mHz to 0.01
Hz. In all cases, the experiments were run at ambient temperature.

SEM observations
After exposure to the environment, the morphology of the exposed surfaces was
observed by conventional scanning electron microscopy (SEM).

Results and discussion

LPR Tests

From the LPR tests, the E.; values recorded for the 1018 steel, 410 steel and the
800 steel were, -272 mV, +102 mV, and -13.3 mV, respectively.

Table 3 shows the values of polarization resistance, i.,, and corrosion rates
recorded for the various materials. It can be seen that the 1018 alloy disclosed
higher corrosion rate than the other alloys. Significant differences were noted
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among the alloys. For instance, the corrosion rate difference between the 1018
carbon steel and the 410 stainless steel was about two orders of magnitude, and
between the 1018 carbon steel and the 800 stainless steel it was about three
orders of magnitude. It is thought that the higher corrosion resistance of the
stainless steels is achieved due to their chromium content.

Table 3. Rp, i.or and corrosion rates obtained from polarization resistance.

Alloy Polarization resistance/ Teorr/ Corrosion rate /
/ (Ohms.cm?) / (mA/cm?) /(mm/year)
1018 4.93E03 5.27E-03 2.67E-02
410 4 45E05 5.84E-05 6.44E-04
800 4.19E06 6.21E-06 6.40E-05
CPC tests

The results from the CPC tests (Fig. 1) indicated different behaviour for the
alloys. The shape of the anodic curve for the 1018 steel shows a passive like
behaviour at above approximately 130 mV. To some extent, this could be due to
the formation of corrosion products on the steel surface. However, the probability
of localized attack is indicated by the hysteresis loop recorded on this steel. The
pitting potential, Ep, was reached at about 600 mV. The hysteresis loop indicates
a poor repassivating ability and a low protection potential, E, of about 400
mV. SEM observations indicated the presence of pits on the steel surface, as can
be seen in Fig. 8.

The curves for 410 and 800 steels showed a rather different behaviour. The shape
of the anodic curve shows a wide range of passivation potential, being somewhat
larger for the 800 alloy, i.e., the breakdown potential for the 410 steel is about
850 mV, whereas for the 800 steel was about 1000 mV. For these materials, an
hystheresis loop was not found. Instead the curves exhibited instantaneous
repassivation on the reverse scan. Hence, under the experimental conditions of
the present work, the stainless steels used were not susceptible to localized
corrosion.

ECN tests

Potential and current and time records for the three types of steels are shown in
Fig. 2, 3 and 4. The DC trend of the signals was removed using the moving
average removal [28] method. It can be seen that the amplitude of voltage
fluctuations are at least one order of magnitude higher for the 1018 steel as
compared to the 410 and 800 alloys. Also, 1018 steel signal displays a different
shape with spikes combined with low amplitude and frequency fluctuations. On
the other hand, current fluctuations follow the opposite order where fluctuations
are much smaller for the 410 and 800 steels than those obtained for the 1018
steel, indicating a less active interface. This is reflected in the standard deviation
values of the steels shown in Table 4. These values allow the calculation of noise
resistance, R, for each material from equation

R,=o0,/c;

396



R. Sandoval-Jabalera et al. / Portugaliae Electrochimica Acta 24 (2006) 393-404

where o, is the standard deviation of the potential noise and o; is the standard
deviation of the current noise [29].
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Figure 1. Cyclic potentiodynamic curves for 1018, 410 and 800 steels.
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Figure 2. Potential and current time records for 1018 steel in the test solution.
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From these results a performance order can be established, where the 1018 steel
shows the lowest resistance and therefore highest corrosion rate and a similar
value to that obtained using other techniques. The 410 and 800 steels follow with
resistances several orders of magnitude higher than that of the 1018 steel.
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Figure 3. Potential and current time records for 410 steel in the test solution.

Therefore the best corrosion rate behaviour corresponds to the 800 steel followed
by the 410 and 1018 steels. Prediction of corrosion rate values using
electrochemical noise rates are similar to those obtained by other techniques,
apart for the fact that for the 800 steel smaller values are obtained.
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Figure 4. Potential and current time records for 800 steel in the test solution.

Table 4. Rp, i and corrosion rates obtained from EIS.

Alloy Polarization resistance/ Leor/

/ (Ohms.cm?) / (mA/cm?)
1018 3.55E03 7.32E-03
410 2.4E05 1.08E-04
800 3.1E05 8.38E-05

Regarding the localized nature of the attack, the localization index, L, is defined
as

L= Oj / Irms

where I, i1s the rms value of the current noise. The localization index falls in the
range of 0.0 to 1.0. Values on the order of 0.001 indicate that uniform general
corrosion is the predominant mechanism, whereas values approaching 1.0
indicate the predominance of a localized mechanism [30,31]. The localization
index was found to differentiate between low corrosion passive behaviour and
localized corrosion in this environment. The 410 and 810 alloys materials can be
differentiated because their values are closer to O and therefore indicate
predominance of uniform corrosion; in contrast, L value for 1018 steel is higher
closer to 1, which suggests a localized contribution not found in the other steels
(see Table 5). This is in agreement with visual observations of the surface.
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Table 5. Electrochemical noise parameters.

Corrosion Pit .y
Alloy ov C; R, rate / (mm-y) | Index L Description
Uniform
1018 | 0.859 1.37E-3 625 0.210 0.194 COTO“@1W“h
ocalized
corrosion
Predominant
410 0.0343 2.58E-07 132.300 0.0021 0.016 uniform
corrosion
Predominant
800 0.0382 4.18E-09 9.138.000 0.0000292 0.009 uniform
corrosion

In summary: corrosion parameters were calculated from electrochemical noise
measurements, particularly, noise resistance, which is related to the general
corrosion rate and the localization index, which indicates the predominant
corrosion attack mechanism. Differences were found for the steels under study.

EIS tests

In order to obtain a better understanding of the mechanisms taking place at the
specimen surface, EIS measurements at the corrosion potential were carried out
under potentiostatic conditions. The Nyquist diagram obtained for the 1018 steel
(Fig. 5) shows a typical Randles circuit. From this diagram, Table 4 shows the
estimated value for Rp, and i, which are in good agreement with the values
reported in Table 3. The 410 alloy (Fig. 6) shows a depressed semicircle at
intermediate frequencies and diffusional behaviour at low frecuencies, probably
associated with the formation of a protective oxide thin film.
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Figure 5. Nyquist diagram for 1018 alloy.
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Figure 6. Nyquist diagram of 410 alloy.

Cases like this, when the data do not reach a low frequency limit and show only a
partial semicircle have been associated with passive metals [6]. The mechanism
observed for the 800 alloy (Fig. 7) is similar to the 410 steel, and in both cases no
localized damage could be observed at the alloy surface. This is likely due to the
development of a thin protective oxide film on the surface. On both stainless
steels, extrapolation of the semicircle depicted in the Nyquist diagrams gives an
Rp value from which i, values can be derivate on each case. Again, these
values given in Table 4 are in close agreement with the values indicated in Table
3.
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Figure 7. Nyquist diagram of 800 alloy.

SEM observations

For the 1018 steel, scanning electron microscopy observations showed areas of
localized corrosion as pitting, and areas covered with corrosion products, as can
be seen in Fig. 8. To some extent, this confirms the CPC and EN results.
Observation on the surfaces of the 410 (Fig. 9) and 800 (Fig. 10) steels still
showed grinding marks from the specimen preparation, and evidence of pit
formation was not observed. It is believed that the chromium content on these
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alloys might induce the formation of a protective oxide film explaining the low
corrosion rates measured on these steels.

L4 :
Figure 8. SEM image of the 1018 steel after exposure to the environment showing areas
with pitting.

Figure 9. SEM image of the 410 steel after exposure to the environment showing grit
lines from initial surface preparation.

Figure 10. SEM image of 800 steel after exposure to the environment showing grit lines
from initial surface preparation.
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Conclusions

The corrosion behaviour of 1018, 410 and 800 steels exposed to synthetic
wastewater was examined using various electrochemical techniques.

LPR results indicated that the 800 steel exhibited the best corrosion resistance,
followed by the 410 steel. The highest corrosion rate was for the 1018 steel.

The CPC curves and EN behaviour indicated that the 1018 steel is susceptible to
localized corrosion in this environment. The opposite was found for the 410 and
800 alloys.

The EIS results showed that different corrosion mechanisms occurred on the
steels. The 1018 steel showed an activation mechanism whereas the stainless
steels showed a diffusion mechanism.

It’s believed that the chromium content on the stainless steels might develop a
protective thin film on the alloy’s surface, producing this way a better protection.
On the whole, the electrochemical techniques used here were useful to ascertain
the corrosion behaviour of steels exposed to a wastewater environment.
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