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Abstract

The corrosion characteristics of SUS304 exposed to 0.5 M CI" aqueous solution containing
different metal cations were studied with immersion tests, surface analysis and
electrochemical tests. The mechanism of corrosion with metal cations was clarified by the
XPS analysis results together with the hard and soft acid and base (HSAB) concept and the
passive films structure. It is supposed that metal cations with large hardness make a layer by
chemical bonding with the passive films. The passive films are protected by the metal cation

layer from CI  attack, and consequently corrosion reactions are inhibited.

Keywords: Stainless steel; passive films; SEM; XPS; EIS; AFM.
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1. Introduction

SUS304 is very popular and widely used in applications requiring high corrosion resistance.
However, corrosion of stainless steel is a serious problem in liquid supply pipes and storage
tanks, ships, bridges and many other constructions. Corrosion of stainless steel has been
investigated by many researchers [1-11]. The corrosion resistance property of stainless steel
mostly depends on the stability of the passive films. In corrosive environment, the re-
passivation properties of the passive films provide the key to the high corrosion resistance of

stainless steels [12, 13].

Corrosion of stainless steel depends on the various environmental factors. One of the
important factor is presence of anions (CI" and SO,%) in the aqueous solution. CI" plays a
major role in corrosion of steel because the passive films are easily destroyed by this anion
[14-18]. Corrosion reactions are initiated on the steel surface while the passive films are
destroyed by CI" in the aqueous solution [14-20]. The passive films stability is decreased with
increasing the CI” concentration in the aqueous solution. In other word, corrosion of steel is
highly correlated with the CI" concentration [21-27]. There are reports that metal cations can
change the corrosion behavior of steel in aqueous solution [21-29]. Islam et al. [21] studied
the inhibiting effects of metal cations on mild steel corrosion in CI" containing agueous
solution. Otani et al. [22, 23] investigated the effects of metal cations on steel corrosion in
fresh water and they found that metal cations have an ability to make a layer on the passive
films and protect the film from CI" attack in the solution. Zhang et al. [24] studied the
inhibiting effect of metal cations and reported that some metal cations (Mn**, Ni** and Zn**)
effectively inhibit the intergranular stress corrosion cracking of sensitized type 304 stainless
steel in SO4% (10®° kmol/m®) containing agueous solution. They also clarified the effects of
metal cations with hardness, X, which is based on the hard and soft acid and base (HSAB)

concept. Khedr et al. [25] studied the role of metal cations in the corrosion and corrosion
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inhibition of aluminium in aqueous solutions of SO4* and NO3". O’dell et al. [28] reported
that some metal cations exhibit inhibiting effects to the intergranular stress corrosion
cracking of sensitized type 304 stainless steel in CI" containing aqueous solution. Drazic et al.
[29] reported that Cd**, Mn®* and Zn?* inhibit the corrosion of iron in sulphuric acid solutions.
Gatos [30] investigated the effects of metal cations on the corrosion of iron in acids. In some
nuclear power reactors, metal cations are added into high temperature water for suppressing
corrosion of the reactor component materials and avoiding accumulation of radioactive metal
element [24, 31]. Therefore, it has been confirmed that metal cations affect the corrosion of
stainless steel in aqueous solution [24, 32]. However, the effects of metal cations on
corrosion of SUS304 in 0.5 M CI" aqueous solution remain unknown and the corrosion

inhibition mechanism of metal cations with the passive films are not fully elucidated.

In this study, the effects of metal cations on corrosion of SUS304 in 0.5 M CI" aqueous
solution were investigated by immersion tests, electrochemical tests, scanning electron
microscope (SEM), atomic force microscope (AFM) and X-ray photoelectron spectroscope
(XPS). The corrosion inhibition mechanism of metal cations with the passive films structure
has also been clarified by the hardness of metal cation, X, based on the hard and soft acid and

base (HSAB) concept.

2. Experimental
2.1 Specimens

SUS304 sheets were cut into small pieces (7 x 7 x 1 mm) and were used as specimens. In
the case of electrochemical tests, a conductive wire was connected to each specimen to use as
a working electrode. All the specimens were molded in epoxy resin (Struers Ltd., Epofix
Resin) to carried out different tests [21]. The exposed surface of the molded specimen was

grounded with SiC abrasive paper from #1000 to #4000 grit size. For immersion tests, the
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specimens were taken out from the resin after polished [21]. Before performing the tests, all
the specimens were cleaned in ethanol and then in highly purified water using ultrasonic bath.
2.2 Solutions

Three 0.5 M CI" solutions with different metal cations were used as test solutions; 0.1 mM
MgCl, (Mgsa), 0.1 mM ZnCl; (Zng,), and 0.1 mM AICI3 (Alse) and their CI” concentration
was adjusted to 0.5 M by NaCl. In this experiment, 0.5 M NaCl (Nasy) was used as a
reference solution. Water used in this study was highly purified; distilled two times and
further purified by water purifier (MILIPORE, Simplicity UV). All chemicals used in this
study were special analytical grade and obtained from Kanto Chemical Co. Ltd.

Corrosion reactions are mostly depended on the pH of the aqueous solution [33, 34]. It is
essential to control the pH of aqueous solution for better understanding the individual effect
of metal cations on the corrosion of stainless steel. The pH of used solutions was adjusted
between 5.7 and 5.8 by 0.1 M NaOH (Table 1) before the tests. The pH of the solutions
before and after immersion tests were measured by the pH meter (Eutech Instruments Pte.
Ltd., Cyber-Scan 6000).

2.3 Immersion tests

Specimens were immersed in the solutions at 25° C for 56 d (8 weeks). During the
immersion tests, the solutions were open to the air. The mass of the specimens was measured
using a micro balance (METTLER TOLEDO MX5, Pro FACT) before and after the
immersion tests, and the corrosion rates were calculated from the mass change [21].

Before and after the immersion tests, the surfaces of the specimens were observed by a
digital camera (Nikon D80-DSLR) and scanning electron microscope using secondary
electrons imaging (SEM, JEOL Ltd., JSL6510-LA). The surface of the immersed specimens
was analyzed by X-ray photoelectron spectroscope (XPS, JEOL Ltd., JPS-9200) using a

monochrome Al Ka X-ray source (1486.6 eV). The diameter of specimen surface analyzed
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by the XPS was 3 mm. The surface roughness was measured by atomic force microscope
(AFM, SPA400) using dynamic force mode with the cantilever type, SI-DF40. Before the
analysis, the immersed specimens were cleaned ultrasonically first in ethanol and then in
highly purified water.
2.4 Electrochemical tests

Electrochemical tests were performed in a conventional three-electrode cell using a
potentiostat (IVIUM TECHNOLOGIES, Pocketstat). Before the tests, the specimens were
immersed in the solutions at 25° C for 7 d. A platinum plate and a Ag/AgCl electrode
immersed in a saturated KCI solution (SSE) were used as counter and reference electrodes,
respectively. The exposed surface area of working electrode in the solution was 49 mm?. The
potentiodynamic polarization measurements were carried out from immersion potential to the
cathodic and anodic direction with a scan rate of 1 mV/s. The cathodic and anodic scan was
started separately to obtain the individual electrochemical properties of stainless steel
immersed in the solutions with metal cations. The impedance spectra were measured in a
frequency range from 100 kHz to 1 mHz and a modulation amplitude of 10 mV. For the EIS
curve-fitting, the IVIUM software was used. Reproducible data were obtained in all

electrochemical measurements.

3. Results
3.1 Immersion tests

The appearances of solutions and specimens after immersion at 25°C for 56 d in the test
solutions are shown in Fig. 1. No significant change is observed in the color of the test
solutions (Fig. 1 (a)) after the immersion period. It is very difficult to identify the surface
morphological difference from Fig. 1 (b) due to the extent of corrosion is very less and few

amount of corrosion products may have formed.
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The corrosion rates were calculated from the mass loss after immersion for 56 d in the
different solutions. Fig. 2 shows the corrosion rate as a function of X, and the corrosion rate is
gradually decreasing with increasing the value of X. The correlation coefficient is -0.92
indicating that corrosion rate is clearly related with X. This result indicates that corrosion
inhibition ability of metal cations is increased with increasing X in 0.5 M CI° aqueous
solution.

The corrosion inhibition efficiency of metal cations was calculated using equation (1)

which were based on the mass loss due to immersion in the solutions.

— CATpms

Corrosion inhibition efficiency (%) = Namj\]a X 100 (1)

ms

Where Nays is mass loss of specimen in Nas, and CATns is mass loss of specimen in
solutions.

Fig. 3 shows the corrosion inhibition efficiency of metal cations as a function of X in which
mean value of mass loss data was used. In this experiment Nas, was used as a reference
solution. Therefore, the corrosion inhibition efficiency of Na* was considered zero. The
corrosion inhibition efficiency of AI** and Zn** are around 20% and 17% respectively.

The pH of the test solutions before and after immersion tests at 25°C for 56 d are shown in
Table 1, pHiy is the pH of solutions before immersion tests, pHcorr IS the pH obtained after
the immersion tests. The pH was slightly decreased after immersion (pHcor) in all solutions
for 56 d (8 weeks) (Table 1). Several researchers also reported that the solution pH decreases
with the hydrolysis of Fe** and Fe** [35, 36]. Additionally, proton is released into the
solution during deprotonation of the passive films on the stainless steel surface in presence of
metal cations [24] and thus pH of solutions is decreased.

The changes in the surface morphology of specimen were observed after the immersion
tests. Fig. 4 shows the surface SEM images of specimens. The SEM images exhibit the huge

numbers of pits in Nasy and Mgs,. Many pits depict the severe corrosion occurred on the
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SUS304 surface. A few small pits are observed in the case of Zng, and Alg,. However,
comparatively smooth surface is observed in both Zng, and Alg,. It suggests that specimen
surface may be affected by the metal cations in the case of Zng, and Alg,. These results
correspond well to the mass change of specimen after immersed in the solutions.

3.2 Surface analysis

The specimen surfaces were examined by XPS after the immersion tests to clarify the
effect of metal cations on the surface. Fig. 5 shows the XPS wide spectra of specimen
immersed in the solutions. In the case of specimen immersed in Zng,, clear peak of Zn2p3/2
is observed indicating the presence of Zn on the specimen surface [23, 37]. In the case of
specimen immersed in Algy, clear peak of Al2p3/2 is observed indicating the presence of Al
on the specimen surface [23, 38]. From Fig. 5, there are no peaks of CI2p3/2 (at 200 eV)
observed on the specimens immersed in the solutions meaning that chlorine does not exist on
the surface. This result suggests that chlorine was unable to form chemical bond with the
corrosion inhibiting species.

The XPS depth analyses were carried out to determine how the metal elements were
distributed or incorporated in the passive films. There are no peaks observed of Nals and
Mgls on the specimen in the wide spectra (Fig. 5). However, XPS narrow spectra with
depths of Nals and Mgls along with Zn2p3/2 and Al2p3/2 were carried out (due to low
resolution of wide spectra) to determine the specific depth locations of each element and
chemical state. Fig. 6 shows the XPS narrow spectra of Nals, Mgls, Zn2p3/2 and Al2p3/2
with depths of specimen surface after the immersion tests. Fig. 6 (a) and (b) show the Nals
and Mg1s spectra with depths of specimen immersed in Nasy, and Mg respectively. From 0
nm to 16 nm depth, no peaks of both Nals and Mg1ls are observed. These results signify that
both Na and Mg did not exist on the surface. Fig. 6 (c) shows the Zn2p3/2 spectra with

depths of specimen immersed in Zng,. Peaks are observed at 1022.6 eV from 0 nm to 6 nm
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depth which are related to the peak of Zn?* [21, 23]. Fig. 6 (d) shows the Al2p3/2 spectra
with depths of specimen immersed in Alg,. Peaks are observed at 74.4 eV from 0 nm to 16
nm depth which are related to the peak of AI** [23].

Fig. 7 shows the narrow spectra with depths of Fe2p3/2, Ols and Cr2p3/2 of specimen
immersed in the Zng, and Alg,. Fig. 7 (a) and (b) show the Fe2p3/2 spectra with depths of
specimen immersed in the Zns, and Algy respectively. In both case, peaks are observed at
707.05 eV which are related to the peak of Fe [39]. The peak intensity of Fe is increased with
increasing the depth. Very small peaks are appeared at 710.2 eV and at 711.2 eV which are
related to the peaks of Fe®" and Fe** respectively [39]. In both case, the peak of metallic iron,
and the peaks of Fe’* and Fe** on the surface are negligible. Fig. 7 (c) and (d) show the
Cr2p3/2 spectra with depths of specimen immersed in Zng, and Alg, respectively. Both of
the case, peaks are observed at 574.4 eV from 0 nm to 16 nm depth which are related to the
peak of Cr [40]. Peaks are also observed at 576.9 eV from 0 nm to 6 nm depth which are
related to the peak of Cr** [40], and high intensity is noticed from 0 nm to 1 nm depth. Fig. 7
(e) and (f) show the O1s spectra with depths of specimen immersed in Zng, and Alg
respectively. Both of the case, peaks are observed and it can be separated into two peaks, one
peak at 530.6 eV which is related to the peak of 0% [39, 40], and another peak at 531.8 eV
which is related to the peak of OH™ [39, 40].

From the XPS results of Fig. 6 and Fig. 7, it is demonstrated that both Zn?* and AI** were
existed on the surface and the peaks of these cations were related to the peaks of Zn(OH),
and AI(OH); respectively [21, 23, 37, 38]. From the previous report, mild steel in CI
aqueous solution [21-23], metal cation made a chemical bond with the passive films and
formed a metal cation layer which inhibited the corrosion reactions and protected the
dissolution of metal. Therefore, it is expected that Zn®* and AI** were existed on the surface

as hydroxides and it further formed a chemical bond with the passive films by de-
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hydroxylation process which were leaded to metal cation layer on the surface of SUS304 in
the solution [24]. The metal cation layer would have good protective ability against the CI
attack in the solution and inhibits the corrosion reactions of SUS304. XPS quantification data
of surface (0 nm) are shown in the Table 4. Higher atomic percentage of Al2p3/2 (24.17) is

observed than the atomic percentage of Zn2p3/2 (14.96). These results suggest that AlI**

was
distributed more than Zn?* on the surface layer, and consequently the specimen immersed in
the Algo showed lower corrosion rate than the specimen immersed in the Zng, (as showed in
Fig. 2).

The surface roughness was measured by atomic force microscope and the recorded 3D
images of surface topography are shown in Fig. 8. These images show different rough surface
of specimen immersed in the solutions with metal cation. Comparatively smooth surface is
observed of specimen immersed in the Algy. To quantify the surface roughness, mean
roughness factor (Ra) [41, 42] was determined from the respective images. The calculated Ra
values are shown in the Table 2. The roughness of the specimen surface was increased due to
immersion in the solutions. However, the roughness of specimen immersed in the Als, shows
the lowest value than other solutions indicating the metal cation layer formation on the
specimen surface. These results correspond well to the surface morphological change
observed by SEM.

3.3 Electrochemical tests

The open circuit potentials of SUS304 were measured in solutions and are shown in the Fig.
9. All the measured values are confined between -0.15 V and -0.25 V. Only slight difference
is observed in the case of Mgso, ZNnso, and Alsy as compared to the Nag,. However, after
3000 s, Nag induces the most negative open circuit potential.

Fig. 10 shows the cathodic and anodic polarization curves. From the cathodic polarization

curves, it is found that Zng, and Alsy shows lower current density (indicated by arrow in Fig.
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10) and slightly acts as cathodic inhibitor as compared to the Nas, and Mg In the anodic
polarization curves, current density is increasing with increasing the potential in all the
solutions. After at a certain potential, current density is increased suddenly and that potential
is mentioned as pitting potential. Naso shows the lowest pitting potential as compared to the
other solutions, and Zng, and Alsy show lower current density (indicated by arrow in Fig. 10)
as compared to the Nasy and Mgso. These results suggest that both Zng, and Algy act as a
cathodic and anodic inhibitor.

EIS measurements were carried out to clarify the initial corrosion behavior of the SUS304
and the effect of metal cations on the properties of the passive film. Fig. 11 (a) shows the
impedance plots and Fig. 11 (b) shows the phase shift plots (Bode diagram) of the specimen
in different solutions with metal cations. The impedance and phase shift show different
magnitude in each solution with metal cations. The fitted lines are calculated by Randle’s
equivalent circuit model (Fig. 11 (c)) [43-45]. All the experimental spectra can be well
described by this equivalent circuit. The equivalent circuit model consists of solution
resistance (Rso), charge-transfer resistance (R¢), and constant phase element (CPE), Q. The
calculated [46-49] mean values of electrochemical impedance parameters are listed in the
Table 3. Q represents the structure of solution/metal interface and the area of defects in the
protective film on the surface [22, 50]. Otani et. al [22] reported that the decrease in Q value
indicates that Zn®* can decrease the defect in the protective film on the mild steel. From the
Table 3, lower value of Q is observed in Zng, and Al as compared to the Nasy and M(so.
Therefore, it is expected that the specimen immersed in Zng, and Al have relatively perfect
film as compared to the film formed on the specimen immersed in the Naso and Mgso.

The magnitude of impedance at low frequencies in Bode diagram implies the corrosion
resistance of the SUS304 in the solution. Zng, and Alg, show the larger magnitude of

impedance at lower frequency (Fig. 11 (a)) as compared to the Mgsy and Nasy. Larger phase
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shift also observed at lower frequency for both Zng, and Alsy as compared to the Mgso and
Nasol (Fig. 11 (b)). These results suggest that both Zn?* and AI** have the corrosion inhibitory
effect on SUS304 in 0.5 M CI aqueous solution. The results obtained from the
electrochemical tests are in good agreement with the results from the immersion tests and
surface analysis.

The values of R¢ as a function of X are shown in Fig. 12 (a). The R increases with
increasing the value of X, and the correlation coefficient is 0.92, signifying that R is closely
related with X. High R indicates that charge transfer rate is low and the steel has high
corrosion resistance in the solution. It signifies that Zng, and Al expose higher corrosion
resistance than Nas, and Mgsy. Fig. 12 (b) shows the changing of R with mass loss of
specimen immersed in the solutions in which mean values of both parameters have been used.
Al shows the highest R than other solutions, and Alsy has the lowest mass loss than other
solutions with metal cation. This result indicates that the solutions with metal cations which
have large X, exhibit higher R and consequently implies the lower mass loss in the solution.
The correlation coefficient is -0.98 indicating that R and mass loss are closely related to

each other.

4. Discussions

The present results shown in the above sections indicate that the harder metal cations
played an important role of suppressing the corrosion initiation process by forming a layer on
the passive films. It is expected that both zinc and aluminium may form a chemical bond with
the passive films by de-hydroxylation process [24]. The formation of hydroxides and de-
hydroxylation process are depended on the metal cation hardness, X [23]. Metal cations with
large X are able to form a layer on the steel surface. The mechanism of which the metal

cations with large X form a layer on the surface and suppress the corrosion reactions will be
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discussed below based on the passive films model proposed by Okamoto and Shibata [51-53]
and the HSAB concept [27, 54, 55] (Fig. 13).

Okamoto and Shibata proposed the following passive film model for stainless steels [51-
53]. The passive films of stainless steel contain huge amount of bound water which are
connected with the metal atoms and oxygen atoms. The atoms are arranged in the passive
films like a bridge on the steel surface (Fig. 13 (a)). When the passive films on the stainless
steel surface is ruptured by CI’, re-passivation process takes place immediately [56-58].

According to the HSAB concept, metal cations with large X incorporate in the passive
films and attract the electron pair of oxygen atom in H,O or OH" in the passive films, and
finally stimulates the deprotonation process (Fig.13 (b)). It is considered that the protons are
replaced with the hard metal cations and form a metal cation layer on the passive films (Fig.
13 (c)). The layer of metal cation protects the passive films from CI" attack and inhibits the
corrosion reactions of stainless steel. On the other hand, metal cations with small X, do not
have the ability to make a layer with the passive films, and thus CI" can arrive on the metal

surface by destroying the passive films and initiate the metal dissolution reactions.

5. Conclusions

= The corrosion behavior of the stainless steel in the 0.5 M CI" aqueous solution was
changed with X, and corrosion rates were closely correlated with X.

= Different surface morphologies were observed by SEM after immersion in the solutions
which were depended on the metal cations.

= Zng and Alg, showed higher impedance and higher charge transfer resistance as
compared to Nag, and M.

= From the XPS results, Zn** and AI** were existed on the steel surface as hydroxides and

formed a layer by incorporating in the passive films through de-hydroxylation process.
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= The layer of metal cation would have good protecting ability against CI" attack as well as

corrosion reactions on the steel surface.
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Fig. 4 Surface SEM images of specimen after immersion in the solutions at 25°C for 56 d.

Fig. 5 XPS wide spectra of specimen surface after immersion in the solutions.

Fig. 6 XPS narrow spectra of metal cations with depth a) Nals peaks of specimen immersed

in Nago, b) Mgls peaks of specimen immersed in Mg, C) Zn2p3/2 peaks of specimen

immersed in Zng, d) Al2p3/2 peaks of specimen immersed in Alg.
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Fig. 12 (a) Changing of R as a function of X, (b) Changing of R with mass loss of
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Table 2 AFM surface roughness data of SUS304 immersed in the solutions with metal cation

Surface roughness average, R,

Solutions (nm)
Before immersion After immersion
Nasol 4.67 27.71
Mgsol 4.62 13.69
ZNgol 4.65 8.25
Algg 4.60 7.14
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Table 3 The simulated mean values of electrochemical impedance parameters of SUS304

after immersion in the solutions for 7 d.

Solutions Rsol Ret Q n
(Qcm?) (MQcm?) (us"Q*cm™?)
Nago| 15.57 0.97 12.55 0.89
Mgsol 15.28 1.18 9.05 0.91
ZNsol 15.77 2.51 3.95 0.86
Alg 15.84 3.21 8.51 0.87
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Table 4 XPS quantification data of specimen immersed in the solutions (atomic %)

Specimen immersed  Fe2p3/2 Ols Cr2p3/2  Zn2p3/2  Al2p3/2
in solution
Zng 16.35 24.67 12.11 14.96 -
Al 15.05 22.10 10.31 - 24.17

25



Fig. 1 Appearance of (a) solutions and (b) specimens after immersed in the solutions at 25°C

for 56 d.
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Fig. 4 Surface SEM images of specimen after immersion in the solutions at 25°C for 56 d.
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Fig. 8 AFM 3D images of specimen immersed in the solutions at 25°C for 56 d.
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