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The separate and combined effects of cathodic protection potential and-et@atioo stress on
corrosion behaviors of Q235B steel in an aerated 3.5% NaCl aqueous solution were investigated
through measurements of corrosion potential, potentiodynamic polarization characteristics,
potentiostatic current and electrochemical impedancetrspdEIS). Thermodynamic and kinetic
analyses as well as experimental results show that the surface energy increment due to the elastic stre
is sufficient to cause the negative direction shifted of the corrosion potential and enhance the corrosion
rate of the steel significantly. The transfer resistanBg) (with different elastic stress levels and
various cathodic polarization potentials was obtained by fitting the EIS data with the software
ZSimpWin. The relationship betwedR; and cathodic polarizen potential under different stress
levels was also investigated. In the cathodic polarization region, both the optimum protection potential
(Eopy and hydrogen evolution potenti&{) could be determined by the relationship curveRpénd
cathodic ptarization potential. The results indicate tfgt decreases significantly with increasing of
elastic stress, particularly near the optimum protection potential, and also the optimum protection
potential decreases linearly with the increasing of elastss Some concluding remarks achieved in

this study provide important recommendations that the corrosion enhancement due to the elastic stres
on structural surface should be considered in safety design of marine structures, and meanwhile
provide an ingjht into the optimization of cathodic protection system design.
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1. INTRODUCTION

Impresseeturrent cathodic protection (ICCP) system has been widely used asegalge
anticorrosion method for ships and marine structures and other metallic structures to provide protection
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in regions where the coating has been damhe2]. The primary principle of ICCP is by impressing

an external current on the protected strregywhich can force the potential of protected structures
down to the immune region. Under cathodic protection (CP), the potential becomes more negative anc
the corrosion rate of metals decreases with the increase of cathodic polarization 8urfdr@design

of cathodic protection potential usually depends on the past experience and finite empirical formulas
suited for a relatively narrow range of conditions. One criterion for CP implementation is that the
potential of the protected ships and marineicdtres (i.e., the cathode) shall b@.80 V or more
negative values measured with a silver/silver chloride (Ag/AgCl) reference electrode, or equivalent
potential with other reference ce[ld]. Cathodic polarization curves are usually considered as being
useful in assessing the current dgnsequired for CP, especially if cathodic process controls the
corrosion reactions. Therefore, in order to achieve the required protection of the ships and marine
structures by employing ICCP, it is critical to obtain the precise cathodic polarizatias eunich are
applicable for the specific marine application environment and ensure that the polarization potential
can meet the CP requirement.

Ships and marine structures are usually subjected to the combined effect of mechanical and
electrochemical aains when they are in service, stress or strain which can be caused by machining,
operating force, welding, and cold working etc. is also unavoidable. The both mechanical effect and
chemical effect interacting with each other can accelerate the failuteuofusal components. This
synergistic effect has been defined as the mechanochemical effect (BICBJthough there have
been some investigations on MCE, regrettably, most of previous studies generally focused exclusively
on the effects of stress leveh corrosion behaviors, and still little attention has been paid on the
effects of the interaction between CP and stress on the electrochemical properties of metals in marine
environment.

Melchers et al.[6] studied the corrosion behaviors of steel platgh preexisting rusts
subjected to high levels of tensile strain, and it was found that a significant damage to the rust layers
would be caused just by the tensile strains which were near and beyond the elastic limit of the steel.
Yang et al[7] studial the effects of stress on corrosion behavior of metals by employing slow strain
rate tests (SSRT) and electron microscopy scanning, and it was found that corrosion resistance o
SAF2205 duplex stainless steel decreased slightly with increasing of ediss level, however
corrosion resistance of petrained SAF2205 duplex stainless steel decreased noticeably with
increasing of prestrained levelLin et al. [8] found that the corrosion resistance ofCAiMg alloy
decreased significantly with the imasing of the applied stress in the 3.5% NaCl solution. Wang et al.

[9, 10] investigated the effexof stress and stray current on corrosion behaviors of APl X65 and X80
steels in alkaline solution through measurements of corrosion potential and pgtearhac
polarization characteristics, and it was found that with the increasing of applied tensile stress, the
corrosion potential with and without stray current of X65 and X80 steels all shifted negatively, and
meanwhile the corrosion current density irgs®ed significantlyGao et al[11] reported that the free
corrosion potentials of the steel plate shifted in negative direction under the loading conditions, and
meanwhile the mass loss of the testing steel plate was different due to stress levels,ittheasb
concluded that the applied stress would accelerate the corrosion process. A similar phenomenon ha
been observed by i ng |l i Luods and JAstudy by Ren é g5 showeditipasthe[ 1 2,



Int. J. Electrochem. SciMol. 11, 2016 324(

relation between elastic stress and eletteoucal effect was nonlinear through electrochemical
experiments. Zhang et dlLl4] investigated the effect of loading conditions on the corrosion behavior

of the low carbon and low alloy steel and found that more serious damage occurred on the telsting ste
plate under a dynamic loading condition than that under a static loading condition because the dynamic
strain led to a decrease in the protective ability of the corrosion product film on the testing steel plate.
These results indicated that MCE coulgnsiicantly affect the polarization characteristics, and could
cause an increase of corrosion rate and a negative direction shifted of the corrosion potential. In this
case, in order to provide a more efficient protection for ships and marine structusesild be
necessary to design an optimized ICCP system based on the precise analysis of corrosion
characteristics by considering the coupling effect of CP and stress.

In this work, the separate and combined effects of CP and rakastic stress on the rcosion
behaviors of Q235B steel in an aerated 3.5% NacCl solution were investigated and quantified through
measurements of corrosion potential, potentiodynamic polarization characteristics, potentiostatic
current and electrochemical impedance spectra (ET8g effect of axial tensile stress on the
electrochemical properties of the Q235B steel plate under various cathodic protection potentials was
first examined. Then, within the corrected potential range for CP, the optimum cathodic protection
potential umler various stress levels was also analyzed and determined. It is anticipated that some
concluding remarks achieved in this study would provide important recommendations that the general
corrosion enhancement due to the elastic stress on structural ssivtadd be considered in safety
design of marine structures, and meanwhile provide an insight into the optimization of cathodic
protection system design.

2. EXPERIMENTAL PROCEDURES

2.1.Specimen and solution

Test specimens used in this study were camfa Q235B steel plate with the chemical
composition as shown in Table 1.

Table 1.Chemical composition of the Q235B steel specimen.

Element C Si Mn P S Cu Ni Cr B Als

Content (wt.%) 0.182 0.06 0.2 0.016 0.0063 0.029 0.008 0.027 0.0002 0.0164

The yield and tensile strengths of the steel are 336.1 and 476.7 MPa, respectively, and they
were determined through tensile tests in air, as shown in Fig. 1. Tensile tests were carried out by
employing a 30 ton static load capacity eledtyalraulic servo contdled Shimadzu fatigue testing
machine (model: EFF2M200KN-40L) with the load speed of 3 MPa/s at the room temperature of 298
K.
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Small specimens (crosection:10 mn¥ 10 mm) were processed through Wire cut Electrical
Discharge Machining (WEDMjyom the Q235B steel plate for metallographic observations.
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Figure 1. Typical stresdisplacementurve of the Q235B steel. The yield strength is 336.1 MPa and
the tensile strength is 476.7 MPa.

Figure 2. The representative metallographic imagestlted selected Q235B steel: (a) 200 times
magnification; (b) 500 times magnification.
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Figure 3. Schematic diagram of Q235B steel specimen for electrochemical measurements.
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The specimens were first mounted with resin suitably, then abraded with sdidndecpapers
up to 1000 grit and subsequently polished up touinsliamond polishing paste employing standard
metallographic techniques, and finally were etched with 3% nital for revealing the microstructures.
These were examined by using gptical microscope (model: Leica, MEF4A) which revealed the
microscopic structure to contain predominantly the ferrite and pearlite. The representative
metallographic microstructure of the selected Q235B steel is as shown in Fig. 2.

The dogboneshaped spemens were fabricated and used in electrochemical measurements,
with the dimension as shown in Fig. 3. Prior to each electrochemical test, all the specimens were first
ground with silicon carbide papers to a grit finish of #1000 and then thoroughly cl®adetiydrated
ethanol. The specimens were subsequently in contact with an experimental apparatus and the area
the specimen exposed to the test solution during the long time electrochemical measurements was key
invariant and equaled to 1 ém

All the electrochemical tests were carried out in the same 3.5% NaCl aqueous solution. Prior to
tests, the solution was continuously aerated with air bubbles for one hour to attain an oxygen saturatior
condition. The gas flow was maintained throughout the testssinultaneously, the electrolyte was
held at the temperature ofi25by employing a thermostatic device.

2.2.Loading method

Figure 4. The uniaxial tensile loading apparatus. Different stress levels can be obtained by adjusting
the adjustable bolt.

The uniaxial loading method was adopted in the present study to obtain constant tensile stress
for electrochemical tests. The uniaxial tensile loading experimental apparatus is as shown in Fig. 4.
Different stress levels can be obtained by adjusting thestdijle bolt. The exact value of the tensile
stress was measured and calculated by a strain gauge. The levels of the elastic stress used in this stu
were 0 MPa, 70 MPa, 100 MPa, 130 MPa and 160 MPa (nearly 50% of Yield strength), respectively.

2.3.Eledrochemical measurements

For the investigation of effects of the elastic stress on general corrosion behaviors of the
Q235B steel, electrochemical measurements, including corrosion potential, potentiodynamic
polarization characteristics, potentiostaticreat and EIS, were performed by using a PAR 263A
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potentiostat in the conventional threlectrode cell system, as shown in Fig. 5, where the Q235B steel
specimen was used as the working electrode, a silver/silver chloride electrode (Ag/AgCl, 3.5M KCI)
was used as the reference electrode and a platinum net (area of) 4vam used as the counter
electrode. A general view of the experimental device for electrochemical measurements on the tensile
specimen is as shown in Fig. 6.

OO

Figure 5. Schematic diagranof the experimental setup for electrochemical measurements on the
tensile specimerl i specimen, 2 clamping screw, 8 supports, 4 glass container filled with
electrolyte, 5i platinum net, 6i Ag/AgCl electrode, 71 PAR 263A potentiostat, 85210
Frequency Response Analyzerj ®computer, 10 loading apparatus with a strain gauge; 11
oxygen, 12 outlet for oxygen.
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To investigate the effect of elastic stress on corrosion potential, the curves of free corrosion
potential vs. time for the Q235B staeider various elastic stress levels were measured for 12 hours.
Prior to the measurements of potentiodynamic polarization characteristics, specimens under various
stress levels were immersed in the electrolyte at the open circuit potential (OCP) fard Poheach
a steady state. The potentiodynamic polarization characteristics were obtained by scanning the
potential range from250 mV (vs. OCP) to +250 mV (vs. OCP) at a scanning rate of 0.166 mV/s.
Some degree of specimen roughening could occur with patentiodynamic polarization; therefore,
new test specimens were used for the repeated potentiodynamic polarizations. The potentiostatic
current measurements of Q235B steel under different stress levels were carried out in the potentia
range 0f-0.6 Vagiagci t0 -1.1 Vag/agcl-

Figure 6. A general view of the experimental device for electrochemical measurements on the tensile
specimen: (a) and (b) are the left and right views for 3D model diagrams, respectively; (c) and
(d) are the actual photographs.

The quantitative determination of stress effect in cathodic protection was realized by
employing EIS technique. EIS diagrams were measured by employing the PAR 263A potentiostat
coupled with a 5210 Frequency Response Analyzer with the AC disturbaneé ¢idfOmV in the
frequency range from 100 kHz to 10 mHz. The extent of polarization of the EIS was small, so the
change in surface morphology of test specimens could be neglected. To eliminate the influence of the
microstructure changes of different tepecimens on the results of electrochemical measurements, the
same specimen under different stress levels was used to study the EIS characteristics in the potentiz
range 0f-0.6 Vag/agci t0 -1.2 Vagiagel-
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3.RESULTS

3.1.Corrosion potential measurements

The corrosion potential measurements of the Q235B steel specimens under different stress
levels in the 3.5% NaCl aqueous solution were conducted through the specimens placed in the uniaxia
loading apparatus together with the electrochemical test device.
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Figure 7. Time dependence of corrosion potentials of the specimen under various stress level.

Fig. 7 shows the time dependence of corrosion potential for the specimens under different
stress levels in the 3.5% NaCl aqueous solution. It can be sserothosion potential of the loading
free specimen decreased gradually and approached a relatively-sia@dyalue 0£f0.594 V vs.
Ag/AgCIl. Compared with the former, corrosion potentials of the specimens under the loading
condition decreased more quigkand reached a slightly more negative value. With the increasing of
stress level, there was a marked negative shift for corrosion potential, with the variation about tens of
millivolts within the applied elastic stress range, comparing with the loddaegspecimen.

According to the mechanochemical the{i$], the value of the electrode potential is directly
related to the corrosion tendency of materials. The higher the electrode potential is, the lower the
corrosion tendency will become. This resulistrated that during the initial stage of immersion, the
specimen under the loading condition underwent a more serious attack, which could be relate to the
enhanced surface reactions, and also corroded more severely as stress level increased.
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3.2.Potertiodynamic polarization characteristics measurements

After the Q235B steel specimens under different elastic stress levels were immersed in the
electrolyte for 12 hours, the potentiodynamic polarization charactenséos measured and are as
shown in Fg. 8.
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Figure 8. Evolution of Tafel polarization characteristics under various stress levels in the 3.5% NacCl
agueous solution.

It can be seen that the polarization curves have shifted significaetlythe applied loads
influenced the polarizatiocharacteristics of the specimens. As shown in Fig. 8, with the increasing of
elastic stress level, the free corrosion potential shifted in the negative direction, as indicated by the
above measurements of corrosion potential under different stress Moetaver, it can be noted that
anodic polarization curves just shifted downwardly without intersections, while in the potential range
of cathodic polarization, the cathodic polarization characteristics changed: when the potential was
above-0.7 V vs. Ag/AEI, the cathodic current density decreased gradually along with the increasing
of stress level; however, for the specimen at the potential b€lotwV vs. Ag/AgCl, the cathodic
current density increased with the increase of stress level.

3.3.Potentiostéic current density measurements

Fig. 9 shows an example of the time dependence of cathodic current density of thefiegding
and loaded specimens potentiostatically polarized at the protection potent@bBo¥ vs. Ag/AgCI.
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For the loadingree specimens, cathodic current density shifted negatively first and then increased to
reach a relatively steady value of 52.A / T m
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Figure 9. Time dependence of current densities of the loaftiegy and loaded sgimens
potentiostatically polarized at 1T0.9 V vs.

Figure 10. The steadystate impressed current density of the Q235B steel polarized at different
potentials under various stress levels.



