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The effects of prior-deformation produced by cold roll on anodic dissolution and pitting behaviors of
316L stainless steel (SS) in sulfuric acid solutions with chlorides are investigated by electrochemical
mesurements, materials microstructure anlysis and surface analysis techniques. Cold roll decreased the
>3 CSL grain boundaries proportion and increased the local misorientation in 316L SS. The effect of
cold roll was more significant in sulfuric acid solution with chlorides than in chloride-free solution.
Chlorides and cold roll had a synergistic effect on accelerating anodic dissolution. The current
densities under potentiostatic polarization, pits numbers and open pit diameters increased with
increasing applied potentials for both solution annealed 316L SS and cold rolled 316L SS. Cold roll
increased the number of pits and decreased the pit size at a certain applied potential.

Keywords: stainless steel; prior-deformation; electrochemical behavior; pitting corrosion; anodic
dissolution; chloride ion.

1. INTRODUCTION

Austenitic stainless steels (SS) have widely uses in various industrial and civil applications
because of its passivation feature and the ability of resisting environmental degradation. Stainless
steels may experience deformation during manufacturing, fabrication and even service processes.
Generally, plastic deformation would increase the strength but decrease the ductility of stainless steels.
Plastic deformation can introduce changes of material properties such as the increase of dislocation
density, the decrease of the fraction of coincidence site lattice boundaries, the introduction of
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deformation bands and even the phase transformation [1-3]. These changes of material and mechanical
properties would affect the corrosion and cracking resistance of austenitic stainless steels in
environments. The presence of certain amount of chromium in austenitic stainless steel results in the
passive state with high stability and good corrosion resistance. [4, 5]. Pitting is one of the severe
attacks of austenitic stainless steels in natural or industrial environments especially in chloride-bearing
solutions [6].

Several studies investigated the influence of cold work on corrosion resistance of austenitic
stainless steels in chloride solutions [1, 7-22]. The effects of plastic deformation on pitting potential
have been found to be highly dependent on the test methods and environments [1, 7-16]. It has shown
that the pitting potential of austenitic stainless steels decreases by cold rolling [7-12]. However, it has
also reported that the pitting potential of work-hardened stainless steel increases [13, 14]. The chloride
concentration and the degree of cold work may influence the change of pitting potential of stainless
steels. Barbucci et al. [1] found that for 304 SS in sulfate solutions with chlorides, the susceptibility to
pitting attack increased with increasing the work-harden degree for chloride concentrations higher than
5x10° ppm. However, the tendency seemed to be the contrary for chloride concentrations lower than
5x10° ppm. Haanappel et al. [15] reported that the pitting potential for 304 SS in NaCl solution
decreased with a low deformation but increased with a high deformation. Kumar et al. [16] reported
similar results. Xu et al. [17-19] reported that the deformation-induced martensite transformation
reduced the pitting susceptibility of 304 stainless. Mudali et al. [20] investigated the effect of cold
rolling degree of 0-50% on the localized corrosion resistance of 316L, 316LN and 316L HN, and
found that the pitting potential was the highest with a 20% cold roll. Yu et al. [21, 22] studied the
influence of different rolling processes on the corrosion resistance of 316L SS. The cross-shear rolled
316L SS showed better corrosion resistance than the synchronous rolled 316L SS in sulfuric solutions
with chlorides which due to the numbers of mechanical twins induced by cross-shear rolling.

According to Nava and Debbouz [23, 24], the thickness and composition of passive films of
302 stainless steel varied with the types of stresses such as compressive or tensile stresses. Both the
thickness and the Cr/Fe ratio of the passive film on a 304 stainless steel increased after the cold roll
procedure [13]. Some literatures reported that cold work increased or left unchanged the pit numbers
and decreased pit size [25-27]. Stefec et al. [28] found that the pit numbers usually increased with
increasing pre-deformation degree and the rate of pit growth increased even after a small deformation,
but higher degree of deformation had little additional effect. Nakhaie and Moayed pointed out the
necessity on the influence of cold work on localized corrosion of stainless steels [29].

Plastic deformation accompanies crack growth and plays a key role in many mechanisms for
stress corrosion cracking [30]. The interaction between crack tip deformation and crack tip
environments is one of the key issues in environmentally assisted cracking such as stress corrosion
cracking and corrosion fatigue [31-34]. Cold work could markedly accelerate the crack growth of
austenitic stainless steels in high temperature water environments [35-38]. Enrichment of chloride ions
and hydrogen ions at the stress corrosion crack tip would result in the increasing of local chloride
concentration and the decreasing of pH and therefore accelerate the localized corrosion [39].

Acidic media containing chloride ions are available in many natural and industrial
environments such as sea water environments and the oil and gas industry [40]. Sulfuric acid solutions
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with chlorides were used to simulated environments related to localized corrosion or environmentally
assisted cracking. It is necessary to evaluate the effects of cold work on the electrochemical kinetics,
the localized corrosion behavior, and the interaction with the environmental factors.

In the present work, the effects of prior-deformation produced by cold roll on electrochemical
and pitting behaviors of 316L SS are investigated. The combined effects of main alloy elements and
microstructure, cold roll and chloride concentration on anodic dissolution and pitting corrosion are
analyzed.

2. EXPERIMENTAL

316L stainless steel was solution annealed at 1100 °C for 30 min and water quenched. Before
cold roll, the surface oxide film formed during annealing was removed. The solution annealed 316L
was cold rolled one-directionally by multiple passes (8 passes) rolling to a total reduction of thickness
of 20%. Solution annealed 316L is called as 316L-SA and the 20% cold rolled 316L SS as 316L-CR.
99.9% Cr, 99.9% Ni and 99.5% Fe were also used to investigate the effect of alloy elements on anodic
dissolution and passivation. The chemical compositions of 316L are shown in Table 1.

Table 1. Chemical compositions (wt.%) of 316L SS used in the experiments.

C Si Mn P S Ni Cr Mo Fe
0.023 0.16 1.11 0.015 0.002 12.27 17.00 232 Bal.

The electrode size was 10x10x5 mm. Copper wire was welded to the back of the specimen.
The electrode was embedded with epoxy resin with an exposed area of 1.0 cm? The electrode working
surface was rolling plane. The surface of the electrode was ground to 1500-grit SiC paper then rinsed
in ethanol and acetone prior to the electrochemical measurements. All electrochemical tests were
carried out in naturally aerated 0.05 mol/L H,SOs + x mol/L NaCl (x = 0, 0.05 and 0.3, the
corresponding pH values are 1.31, 1.29 and 1.24) solutions with volume of 250 mL at 25 + 1°C by
using a thermostatic water bath. All test solutions were prepared by deionized water and analytical
reagents. A three-electrode cell was used for electrochemical measurements. Anodic polarization curve
and potentiostatic polarization curve were measured by using a Corrtest CS310 electrochemical
workstation. The working electrode were the 316L SS, Cr, Ni and Fe specimen, the counter electrode
was a platinum plate and the reference electrode was a saturated calomel electrode (SCE). All
potentials were measured and quoted against SCE if not specially mentioned. Prior to anodic
polarization tests or potentiostatic polarization tests, the working electrode was immersed in the test
solution for 600 s. Anodic polarization curves were measured at a sweep rate of 1.667 mV-s™. The
anodic polarization potential range was from open circuit potential (OCP) to 1 V (SCE) or 1.5V (SCE).
This potential sweep rate was higher than the value normally used in the standard test for pitting
corrosion of austenitic stainless steels. The polarization curves are used for determining the potential
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region where cold wok show a significant effect, rather than the values of pitting potential. The
potentiostatic polarization lasted for 3h and the selected potentials were based on anodic polarization
curves. The electrochemical tests were performed at least three times and results showed good
reproducibility.

The morphology observations of electrode surfaces after potentiostatic polarization were
obtained using Hitachi SU-1510 scanning electron microscope (SEM). The elements contents in
solutions after potentiostatic polarization tests were analyzed by PerkinElmer Optima 7300 DV
inductively coupled plasma-optical emission spectroscopy (ICP-OES).

The samples for XPS tests were 5x5x3 mm 316L-SA and 316L-CR coupons immersed in test
solutions for 3 h. XPS analysis was performed by using a Thermo Scientific ESCALAB 250Xi X-ray
Photoelectron Spectrometer. Spectra were generated using a focused monochromatic Al Ka X-ray
source. The ion gun was operated with an Ar*. The sputtering rates of 0.25 nm/cycle for 20 cycles
were used. Sputter rates were determined by sputtering a known thickness of Ta,Os using the same
sputter conditions. The samples measured in an “as received” condition with no other surface cleaning
treatment.

The grain boundary microstructures of 316L SS were observed by electron backscattering
diffraction (EBSD) technique with scanning electron microscope (SEM). EBSD was measured with
CamScan Apollo 300 thermal field emission scanning electron microscope (FESEM) equipped with
Channel 5 of HKL EBSD system. The EBSD pattern was analyzed using Tango of Channel 5 software.
Acceleration voltage of SEM beam for the EBSD measurement was 20 kV. The surface was finished
by polishing with 1 um diamond paste followed by electro-polishing using 20% HCIO4 and 80%
CH3COOH by volume electrolyte in order to obtain smooth surface free from surface hardening
caused by the mechanical polishing. Any misorientation more than 2°was recognized as grain
boundary. All types of grain boundaries are included as defining individual grains, and thus the twins
were regarded as grains in this work. The CSL boundaries were defined according to the Palumbo-
Aust's criterion (ABmax = 15°% %) [41].

3. RESULTS AND DISCUSSION

3.1 Microstructural characterization of 316L-SA and 316L-CR

The metallographic photos of 316L-SA and 316L-CR are shown in Fig. 1. The electron back
scattering diffraction patterns of 316L-SA and 316L-CR are shown in Fig. 2. The grain size of 316L-
SA was relatively uniform of about 100 um, as shown in Fig. la. There was a certain amount of
annealing twins in 316L-SA. The grains of 316L-CR had a certain degree of deformation, as shown in
Fig. 1b. Deformation bands appeared inside the grains of 316L-CR. According to IPF results in Fig.
2a, the grain boundaries of 316L-SA were clear and the colors inside the grains were uniform. The
proportion of £3 CSL grain boundaries was 50.03% for 316L-SA and 3.85% for 316L-CR, as shown
in Figs. 2c and 2d. Many low-angle grain boundaries were found for 316L-CR. Local misorientation
values were higher in 316L-CR than in 316L-SA, as shown in Figs. 2e and 2f.
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Figure 1. The metallographic photos of (a) solution annealed 316L (316L-SA) and (b) cold rolled
316L (316L-CR).
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Figure 2. Electron back scattering diffraction patterns of 316L-SA and 316L-CR: (a) Auto Inverse
Pole Figure (IPF) of 316L-SA, (b) IPF of 316L-CR, (c) grain boundary type of 316L-SA, (d)
grain boundary type of 316L-CR, (e) local misorientation of 316L-SA, (f) local misorientation
of 316L-CR.
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3.2 Potentiodynamic polarization results

3.2.1 Potentiodynamic polarization curves of 316L-SA and 316L-CR

The anodic polarization curves for 316L-SA and 316L-CR in 0.05 mol/L H,SO, and 0.05
mol/L H,SO, + 0.3 mol/L NaCl solutions are shown in Fig. 3.

The anodic polarization curves for 316L-SA and 316L-CR in 0.05 mol/L H,SO, solution
exhibited two anodic current peaks. The first peak current was more than 20 times higher than the
second peak current for both 316L-SA and 316L-CR. There was no significant difference between the
anodic polarization curve of 316L-SA and that of 316L-CR, which indicated that the effect of cold roll
on anodic polarization behavior of 316L SS was not remarkable. Active-passive transition was found
on the anodic polarization curves for 316L-SA and 316L-CR in 0.05 mol/L H,SO4 + 0.3 mol/L NaCl
solution. In the range from -0.135 to 0.700 V (SCE), the current density of 316L-CR was significantly
higher than that of 316L-SA, showing a strong effect of cold roll on the anodic dissolution in this
potential range. The effect of 0.3 mol/L chloride on anodic polarization behavior of 316L-CR was
significantly stronger than that of 0.05 mol/L chloride. Coll roll accelerated the anodic dissolution of
316L SS in a certain potential range in dilute H,SO, solution containing chlorides. Chlorides and cold
roll had a synergistic effect on accelerating anodic dissolution.
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Figure 3. The anodic polarization curves for 316L-SA and 316L-CR in 0.05 mol/L H,SO, solutions
with various chloride concentrations.

It is assumed that chloride ions could breakdown the passive film on the electrode surface and
expose the underlying alloy to the reactive electrolyte. The ubiquitous small chloride anion with high
diffusivity can interferes with passivation [42]. Several theories and mechanisms have proposed about
the breakdown of passivity and the initiation of localized corrosion. The adsorption-induced thinning
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theory holds that the passivity breakdown was because of the competitive adsorption between chloride
ions and hydroxide ions at the passive film surface [43, 44]. The penetration mechanism is that a high
electrical field strength and a high concentration of defect in the disordered structure of the passive
film affect the sub-surface insertion and transport of chloride ions through the passive film to the
metal-oxide interface [45-47]. According to inhibiting healing mechanism, the alternative breakdown
and repair of the passive film and the alternative chloride ions aggression lead to the pitting corrosion
initiation [48, 49]. The point defect model has proposed that the chloride ions occupy the anion
vacancies in the passive film which induced the anion vacancies decreasing and cation vacancies
increasing [50, 51]. The passive film breaks down and pitting corrosion would initiate once enough
cation vacancies amass at oxide-metal interface. In the present work, the difference of anodic
behaviors between 316L-SA and 316L-CR were remarkable in sulfuric acid solution with a certain
concentration of chloride because of the passive film breakdown induced by chloride, as shown in Fig
3.

3.2.2 Potentiodynamic polarization curves for iron, chromium and nickel

Potentiodynamic polarization curves for iron, chromium and nickel in 0.05 mol/L H,SO,4 + 0.3
mol/L NaCl solution are shown in Fig. 4. These results are to understand the effects of iron, chromium
and nickel on the anodic polarization behavior of 316L SS. There was no active-passive transition in
the anodic polarization curves of iron, nickel and chromium. Iron and nickel exhibited active
dissolution in the whole potential range.
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Figure 4. The anodic polarization curves for iron, chromium, nickel and 316L SS in 0.05 mol/L H,SO4
+ 0.3 mol/L NaCl solution.
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There was a passive region from about 0.15 to 0.78 V (SCE) in the anodic polarization curve
for chromium. These results show that the first current peak in the anodic polarization curve for 316L
SS can be caused by the dissolution of iron and the passivating effect of chromium, and the difference
of anodic behavior between 316L-SA and 316L-CR is related to the role of chromium. The
competitive adsorption of CI" and SO,* on metal surface at different anion ratios and concentrations
may be one reason of the appearance of the second current peak.

Newman et al. [52] early reported a similar phenomenon that binary Fe-Cr alloys with
chromium content no more than 17 at.% showed incomplete primary passivation in acid solutions,
with a residual current which decreased with the increase of chromium content in the range of 8-12
at.%. For alloys containing chromium in the media with chlorides, it is difficult to form the Cr*
complex due to the low stability constants [44]. Moreover, once the CrCI** complexes are formed,
their dissolution rate is so slow that it would not increase the dissolution rate of relative to Cr** within
an oxide matrix. Fe and Ni are easier to dissolve than Cr in a certain potential range. The critical
condition for anodic dissolution and passivation of Fe-Cr-Ni alloys in a sulfuric acid solution with a
high concentration of sodium chloride is strongly dependent on the alloy composition especially the Cr
content.

The effect cold roll and chromium content could reflect from the variation of surface film of
316L SS in sulfuric acid with chloride ions at open circuit surface. The variation in chemical
composition with XPS depth profiles of iron, chromium, nickel and oxygen obtained from the XPS
survey scans of the surfaces 316L-SA and 316L-CR specimens after the immersion in 0.05 mol/L
H,SO, + 0.3 mol/L NaCl solution for 3h at open circuit state are shown in Fig. 5.
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Figure 5. XPS depth profiles (at%) for iron, chromium, nickel, oxygen and chlorine in the surface
films on (a) 316L-SA and (b) 316L-CR after immersion in 0.05 mol-L™ H,SO,4 + 0.3 mol-L™

NaCl solution at open circuit states for 3h

Iron concentration increased while oxygen concentration decreased with increasing sputter
depth. The concentration of chlorine was very low in the surfaces films. The place where oxygen
concentration decreases to half of its initial value is defined as the thickness of oxide layer. The
thickness of oxide layer on 316L-SA specimen was thicker than that on 316L-CR.

Table 2. Cr/Fe ratios in the film formed at open circuit states of 316L-SA and 316L-CR in 0.05 mol-L
! H,S0, + 0.3 mol-L™* NaCl solution, from XPS depth profiles

Sputter depth (nm) Cr/Fe ratio
316L-SA 316L-CR

0 0.61 0.99
0.005 0.29 045
0.010 0.29 050
0.015 0.35 061
0.019 0.32 066
0.024 0.33 0.58
0.029 032 ;
0.034 0.28 /
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The chromium-to-iron ratio was higher in the film on 316L-CR specimen than on that 316L-SA,
as shown in Table. 2. Phadnis [13] reported that whether in air or in 3.5% NaCl solution at open circuit
potential or at pitting potential, the Cr/Fe ratio in the passive film formed on cold worked 304 stainless
steel was higher than that of solution annealed 304 stainless steel from XPS analysis. This difference
was because of the preferred orientation induced by cold work which may lead to the enhanced
diffusion of Cr into the passivity layer to form a protective film with chromium enrichment.

3.3. Potentiostatic polarization results of 316L-SA and 316L-CR

3.3.1 Current vs. time curves

Current density vs. time curves for 316L-SA and 316L-CR in 0.05 mol/L H,SO,4 + 0.3 mol/L
NaCl solution under potentiostatic polarization at different potentials are shown in Fig. 6. Potentials -
0.400 V (SCE), -0.160 V (SCE), -0.082 V (SCE) were respectively in the active dissolution region, the
active-passive transition region and the passive region of the anodic polarization curve. At these three
applied potentials, current densities for both 316L-SA and 316L-CR at first decreased with increasing
polarization time and then reached a steady state. At -0.400 V (SCE), the steady current densities of
316L-SA and 316L-CR were similar and close to zero. At -0.160 V (SCE), the steady current densities
of 316L-SA and 316L-CR were cathodic and close. At these two potentials, the true anodic current
densities of 316L-SA and 316L-CR were low and therefore the measured current densities could be
nearly zero or apparently cathodic, as shown in Fig. 6a and 6b. At -0.082 V (SCE), due the significant
enhancing effect of cold roll on anodic dissolution, the measured current density can change from
cathodic for 316L-SA to anodic for 316L-CR, as shown in Fig. 6¢. The observation of the measured
cathodic current was the result of a lower value of true anodic current than that of the true cathodic
current at these potentials.

Potentials 0.074V (SCE), 0.295 V (SCE), 0.450 V (SCE) and 0.900 V (SCE) were in the
potential region where cold roll had a significant effect on the anodic polarization curves of 316L
stainless steel. At these four applied potentials, the current density vs. time curves were different from
those at potentials of -0.400 V (SCE), -0.160 V (SCE) and -0.082 V (SCE). At 0.074 V (SCE), the
current densities of 316L-SA and 316L-CR increased monotonically with time, and the current density
of 316L-CR was higher than that of 316L-SA in the whole polarization period. At 0.295 V (SCE),
0.450 V (SCE) and 0.900 V (SCE), the current density of 316L-SA and 316L-CR increased firstly and
then decreased. The maximum current densities of 316L-SA and 316L-CR increased while the
correspond time for reaching the maximum current density decreased with increasing potential at
0.295V (SCE), 0.450V (SCE) and 0.900 V (SCE). It is noted that the actual surface area for active
dissolution were changing in the process of potentiaostatic polarization when pitting occurred. The
original electrode surface was used to obtain the apparent current density during potentiaostatic
polarization.

Both potentiodynamic curves and potentiostatic measurements showed that cold roll
accelerated anodic dissolution rate at 0.074 V (SCE), 0.295 V (SCE), 0.450 V (SCE) and 0.900 V
(SCE). Current density vs. time curves exhibit various shapes at different applied potentials, as shown
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in Fig. 6d-6g. Engell and Stolica [53] have proposed the following relation for the increase in current
density, I, as a function of time, t, due to dissolution at a constant potential:

| ~t° (1)

Where b is a constant.

Szklarska-Smialowska and Janik-Czachor showed that b may vary from 2 to 6 depending upon
experimental conditions for Fe13Cr and Fel6Cr alloys in Na;SO,4 + NaCl environments [25].
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Figure 6. The potentiostatic polarization curves for 316L-SA and 316L-CR in 0.05 mol-L™* H,SO, +
0.3 mol-L™* NaCl solution at (a) -0.400 V(SCE), (b) -0.160 V(SCE), (c) -0.082 V/(SCE), (d)
0.074V/(SCE), (e) 0.295 V(SCE), (f) 0.450 V(SCE) and (g) 0.900 V/(SCE).

Our results showed that both cold roll and applied potentials affect the electrochemical reaction
kinetics of 316L SS under potentiostatic polarization.

To summarize, the configurations of the current density vs. time curves under potentiostatic
polarization reveals that cold roll accelerate the anodic dissolution of 316L SS in relatively high
potentials. The electrochemical reaction kinetics of 316L SS varied with applied potentials. Stefec et al.
[28] found that the corrosion current of 18Cr10Ni2Mo steel in 0.1 mol-L™* NaCl solution increased
with time and deformation degree by using potentiostatic technique. Albrimi et al. [90] reported that
the current density of 316 SS in HCI solution increased with applied potentials. Tian et al. [89] found
that the pitting current of a single stable pit formed on 304 SS in 3.5% NaCl solution become higher at
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more anodic potentials.

3.3.2 ICP analysis of dissolved Fe, Cr and Ni in solutions after potentiostatic polarization

The concentrations of dissolved Fe, Cr and Ni in the solutions after potentiostatic polarization
at 0.074 V (SCE), 0.295 V (SCE), 450 V (SCE) and 0.900 V (SCE) for 3 h determined by ICP-OES
are shown in Fig. 7. The amounts of dissolved Fe, Cr and Ni in solutions increased with increasing
applied potential. The amounts of dissolved Fe, Cr, and Ni in the solutions for 316L-CR were higher
than those for 316L-SA at each potential. The ratio of dissolved amounts of Fe, Cr and Ni in solutions
for 316L-CR to those of 316L-SA decreased with applied potential. It is summarized that the cold roll
and increase of applied potentials accelerated the anodic dissolution of 316L SS, and the effect of cold
roll was more obvious under lower potentials. The ICP results were in agreement with the results of
current vs. time curves under potentiostatic polarization. Zhang et al. [91] found similar phenomenon
that the dissolved element concentrations of NiCoCrMo alloy immersed in HF solution were
accelerated by increase of cold forge degree via ICP analysis.
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Figure 7. ICP-OES results of the dissolved amounts of (a) Fe, (b) Cr and (c) Ni in solutions after
potentiostatic polarization at 0.074 V(SCE), 0.295 V(SCE), 0.450 V(SCE) and 0.900 V(SCE)
for 3 h.

3.3.3 Surface morphologies after potentiostatic polarization

The electrode surfaces of 316L-SA and 316L-CR were bright and no pitting was found after
potentiostatic polarization for 3 h at -0.400, -0.160 and -0.082 V (SCE), corresponding to low values of
current densities at these potentials for both 316L-SA and 316L-CR.

The SEM morphologies of the 316L-SA and 316L-CR electrodes surfaces after potentiostatic
polarization at 0.074 V (SCE), 0.295 V (SCE), 0.450 V (SCE) and 0.900 V (SCE) for 3 h are shown in
Figs. 8. All electrodes were ultrasonic cleaned in deionized water and in ethanol before morphology
observation. The surface morphologies were strongly affected by cold roll and the applied potential.
Pitting corrosion occurred on the surfaces of 316L-SA and 316L-CR electrodes at these potentials. The
pitting on the surfaces of 316L-SA and 316L-CR electrodes became more serious with increasing
potential. The number and diameters of pits increased with increasing potential. The difference of
pitting morphologies between 316L-SA and 316L-CR was significant at potentials of 0.074 V (SCE),
0.295 V (SCE) and 0.450 V (SCE), which was less significant at 0.900 V (SCE). More pits with
smaller diameters were observed on the surfaces of 316L-CR than those on 316L-SA at potentials of
0.074 V (SCE), 0.295 V (SCE) and 0.450 V (SCE). It has been reported that cold work could increase
or leave unchanged the pit numbers and decrease the pit size [25-27]. Under potentiostatic growth
conditions, multiple pits initiated and continued to grow at same rate [54,55]. According to SEM
photos as shown in Fig. 8, it was observed that some pits were completely open and some pits were
with lacy like covers. Some literatures clarified that corrosion pits in stainless steel grow by an
undercutting mechanism [54,56-65]. Pit maintained an overall hemispherical or dish shape covered by
a perforated metal cover.
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0.295 V(SCE) 316L-CR

Figure 8. The SEM photos of the surfaces of 316L-SA and 316L-CR electrodes after potentiostatic
polarization in 0.05 mol-L™ H,SO,4 + 0.3 mol-L™ NaCl solution at different potentials for 3 h.
(a) 316L-SA, 0.074 V(SCE), (b) 316L-CR, 0.074 V(SCE), (c) 316L-SA, 0.295 V(SCE), (d)
316L-CR, 0.295 V(SCE), (e) 316L-SA, 0.450 V(SCE), (f) 316L-CR, 0.450 V(SCE), (g) 316L-
SA, 0.900 V(SCE) and (h) 316L-CR, 0.900 V(SCE).
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According to a model developed by Laycock et al. [66,67], these different pits morphologies
suggested the inhomogeneous local current densities within different regions of growing pits at
different pit growth periods. Meanwhile, secondary pits were found at the bottom of big open pits. A
stable pit had a large enough volume after a long enough propagation time, and repassivation tended to
occur on the pit side wall, favoring the initiation of a new pit or secondary cavity at the pit bottom
[89].

3.3.4 The effect of cold roll and applied potentials

Some metallurgical factors such as crystal defects and compositions affect the properties of
bulk material and the integrity of passive films formed in environment mediums, and hence the
localized corrosion resistance of the alloy [68]. Cold work could result in some metallurgical
modifications such as the creation and slipping of dislocations, producing inclusions, elongation, or
fractures at the interface with the matrix [3]. The presence of inclusion in stainless steel increased the
susceptibility of pit formation [69]. The chemical composition changes around sulphide inclusions in
stainless steel which lead to high dissolution rate of sulphide inclusions are likely to be the cause of
initiation of pitting corrosion [70,71]. Pitting initiated from the local dissolution of MnS at the
interface of the MnS and MnCr,0,4 nano-octahedron embedded in the MnS [72,73]. The rolling
process lead to stretched inclusions [74]. The shapes of inclusion and cracks in the inclusions or micro-
cracks between the matrix and the inclusion produced by plastic deformation [75,76] may affect the
initiation of pitting [8]. Inclusion size largely affects the frequency and lifetime of unstable micro-pits,
and dissolution kinetics in the early stages of pitting is affected by inclusion shape [77]. Yu et al.
[78,79] reported that inclusions elongated along the rolling direction and compress along the thickness
direction during multi-pass cold rolling process. The inclusion deformation and non-uniform
deformation around the uniform deformation increased with inclusion sizes. There would be cracks
around hard inclusions but no cracks existed around soft inclusions under the rolling conditions. Suter
et al. [74] investigated the combination of stress and the presence of MnS inclusions effect on the onset
of pitting in 304 SS, it was found that stress shifted the pitting potential to more negative. A single,
shallow MnS inclusion showed metastable pitting, and a single deep MnS inclusions showed active
pitting. Applied stress induced cracks which allowed higher concentrations of aggressive species
causing stable pitting. All these results suggested the effect of inclusion on the pitting of non-cold
worked and cold worked stainless steels.

According to optical morphologies, different kinds of deformation bands were observed inside
the grains of cold rolled 316L, as shown in Fig. 1. From the EBSD results, large numbers of low angle
grain boundaries existed in 316L-CR. Low angle grain boundaries consist of regularly arranged
dislocation networks [80]. Local misorientations were found to be higher in 316L-CR than in 316L-
SA, as shown in Fig. 2. A high misorientation in 316L-CR indicated the existing of a high density of
dislocations. These results mean that there are many defective boundaries in 316L-CR. The increasing
of dislocations pile-ups could result in high stress concentrations and tended to change the local
deformation potential during cold rolling [81]. Marcus et al. [82,83] proposed a model on chloride
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induced passivity breakdown based on the role of the inter-granular boundaries (or defective
boundaries) of the barrier oxide layer on the redistribution of the potential at the
metal/oxide/electrolyte interfaces in the passive state. According to this model, the defect region is
easier for ion transferring and the ionic conductivities of oxide formed in the defective sites are many
orders of magnitude higher than that of the bulk oxide. The oxide film formed at the interface between
the “defect-free” matrix and the defects is sensitive to breakdown. Therefore, the potential drop at the
oxide on the interface between the “defect-free” matrix and defects is lower and it is easier for the
oxide film to breakdown.

The anodic current densities of 316L-CR were generally higher than those of 316L-SA at the
potentials where pitting occurred. It implies that the local dissolution rate of 316L SS becomes higher
in the cold worked state, which is confirmed by the ICP analysis of solutions after the potentiostatic
polarization tests, as shown in Fig. 7. Higher defect density ( higher Low angle grain boundary density,
higher local mistorientation, cracks around inclusions) caused by cold rolling as the result of cold roll
in 316L-CR might make the oxide film easier to breakdown and provide more priority nucleation sites
for pitting. A larger pit number in 316L-CR than in 316L-SA is one of the reasons for the higher
anodic dissolution rate in 316L-CR than in 316L-SA. The increase of the amount of free metal cations
inside the pit and the acceleration of the diffusion of chlorides into the pit would also contribute.

The process of localized corrosion can be divided into a sequence of steps [42,84]: initiation by
the breakdown of the passive film; metastable growth of small pits on the verge of stability; stable
growth of localized corrosion sites; and finally repassivation or cessation of attack under specific
conditions. Pistorius and Burstein [59,85-88] investigated the metastable pitting corrosion of stainless
steel and the transition to stability in detail. They argued that stable pits, like metastably growing pits,
grow under diffusion control. The effect of the potential on the metastable-stable transition is through
the nucleation process. More pit sites formed at higher potentials, because the metastable pits which
grow from the activated more open sites become themselves more open, and thus these pits grow
companying with higher current densities [87,88]. The concentrations of metal cations and chloride
anions increase with potential and reach saturation, the metal chlorides and hydroxides precipitate
primarily on the pit bottom, may reduce the difference of metal dissolution rate between the horizontal
and depth directions [6,89]. A higher anodic potential can result in a lower activation energy of metal
anodic dissolution, and provide a lower pH and a higher chloride concentration inside the pit. The
point defect model proposed that the voltage drop across the film/solution interface is linearly
dependent on the applied potential [51]. Therefore, the driving force of chloride absorption on the
passive film and the diffusion rate of chloride anions and metal cations increase with increasing
electrode potentials. The passivity film is easier to rupture at relative higher electrode potential. In the
growing process of a pit, the ohmic potential drop is related to the current flowing through the pit
solution of finite resistance, which results in that the outside potential is higher than the pit bottom
potential [42]. The increasing of electrode potential accelerates the dissolution rate of metal from the
pits. In summary, a higher anodic potential could increase the probability of pit nucleation, metal
anodic dissolution rate and accelerate the pit propagation. Therefore, the current densities under
potentiostatic polarization, pits numbers and open pit diameters increased with increasing applied
potentials for both 316L-SA and 316L-CR, as shown in Figs. 6 and 8.
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4. CONCLUSIONS

1. Cold roll decreased the £3 CSL grain boundaries proportion and increased the local
misorientation in 316L stainless steel. The enhancing effect of cold roll on the anodic dissolution of
316L stainless steel in 0.05 mol/L H,SO,4 + 0.3 mol/L NaCl solution was significant in the potential
range from -0.135 to 0.700 V (SCE). The effect of cold roll was more significant in sulfuric acid
solution with chlorides than in chloride-free solution.

2. The current densities under potentiostatic polarization, pits numbers and open pit
diameters increased with increasing applied potentials for both 316L-SA and 316L-CR. Cold roll
increased the number of pits and decreased the pit size at a certain applied potential.

3. The ICP results of the tested solutions after the potentiostatic polarization were in
agreement with the results of current vs. time curves for both 316L-SA and 316:-CR
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