Int. J. Electrochem. Sci., 14 (2019) 11012 — 11018, doi: 10.20964/2019.12.84

International Journal of

ELECTROCHEMICAL

SCIENCE
www.electrochemsci.org

Short Communication
Electrochemical Corrosion Behaviour of Cerium Chemical

Conversion Coatings on 304 Stainless Steel in Alkaline Solutions
Containing Chloride lons

Sensen Xin'?, Ronghai Xu!, Haitao Yan?, Peng Shen?, Moucheng Li*"

LInstitute of Materials, School of Materials Science and Engineering, Shanghai University, 149
Yanchang Road, Shanghai 200072, China

2 Zhenshi Group Eastern Special Steel Co., LTD., Jiaxing 314005, Zhejiang Province, China
“E-mail: mouchengli@shu.edu.cn

Received: 14 September 2019 / Accepted: 15 October 2019 / Published: 29 October 2019

A chemical conversion coating was successfully prepared on the surface of 304 stainless steel (SS).
The morphology and chemical composition of the obtained coating were analysed by scanning electron
microscopy (SEM) and energy dispersive spectrometry (EDS). The electrochemical corrosion
behaviour was investigated in 3.5 wt.% NaCl with different pH values. The results show that the
chemical conversion coating is quite stable in alkaline solutions containing chloride ions. The coated
304 SS shows much higher corrosion potential and pitting potential in comparison with the uncoated
304 SS. It is suggested that the chemical conversion coating can noticeably improve the
pitting corrosion resistance of 304 SS. In addition, the cerium chemical conversion coating shows good
pitting resistance in an alkaline solution with increasing pH values.
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1. INTRODUCTION

Corrosion control is one of the most important topics of metals, due to the enormous cost (over
3% of the world's GDP) caused by corrosion failure [1, 2]. To date, metal corrosion can be controlled
via various approaches, such as cathodic protection and passivation along with the use of coatings and
corrosion inhibitors [3-7]. Stainless steels, which usually show good corrosion resistance owing to
protective passive films that form on the surface, have been widely investigated in the past few
decades [8-10]. However, the corrosion resistance and stability of passive films formed on stainless
steels have shown to be hindered by some species such as CI-, S, and S203% [11-13]. To alleviate the
adverse influences of aggressive ions, surface treatment technologies such as chemical conversion
coating are often employed to further improve the corrosion resistance of stainless steels [14-16].
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Chromate-based conversion coatings have been widely adopted to provide excellent corrosion
resistance for carbon steel, magnesium alloy and stainless steel [17]. Unfortunately, their application is
hindered by the biological toxicity and environmental damage caused by hexavalent chromium [18,
19]. Therefore, tremendous work has been devoted to exploring and developing the eco-friendly
conversion coatings with acceptable corrosion resistance to replace traditional chromate conversion
coatings [20].

Currently, molybdate, phosphate, zirconium and rare earth conversion coatings have been
proposed as candidates for non-chromate conversion coatings [21-24], of which the cerium chemical
conversion coating shows effective protection for stainless steels (e.g., 316L, 304, etc.) [14, 25].
However, studies of the corrosion behaviour of cerium chemical conversion coatings on stainless steel
in alkaline solutions (such as concrete and secondary side environments [16, 26-29]) are relatively
rare. In this paper, a cerium chemical conversion coating was successfully prepared on 304 stainless
steel and the electrochemical behaviour of this conversion coating was investigated in alkaline
solutions containing chloride ions. It is anticipated that this research will provide an eco-friendly
conversion coating for stainless steels used in alkaline environments.

2. EXPERIMENTAL

Commercial 304 stainless steel was used as the substrate. The specimens (10 mmx10 mmx5
mm) were prepared by electrical discharge machining followed by grinding and polishing. Then the
specimens were degreased in alcohol, washed in distilled water and dried in air. After that, the
specimens were immersed in treatment solutions for the preparation of cerium chemical conversion
coatings according to the literature [14]. The composition of the treatment bath and the operating
parameters are listed in Table 1.

Table 1. The bath solution composition and operating parameters for cerium chemical treatment.

Composition Operating parameter
Ce(NO3)3-:6H0  9.98¢g L™ Temperature: 70 °C
CsHsO7 5.88¢gL*
H202 (30%) 660 mL L Time :30 min

The morphologies and chemical composition of the samples were investigated using scanning-
electron microscopy (SEM, Zeiss Sigma 500) in conjunction with an energy-dispersive spectrometry
(EDS, Oxford) operating at 15 kV.

The electrochemical measurements were conducted using a Parstat VersaSTAT 3F workstation
(Princeton Application Research) with a conventional three-electrode electrochemical cell, consisting
of the specimen as the working electrode, a Pt sheet (20 mm x 20 mm) as the counter electrode, and a
saturated-calomel electrode (SCE) as the reference electrode. Prior to electrochemical tests, the
specimens were mounted in epoxy resin, leaving a working area of 1 cm?. The test solution was 3.5
wt.% NaCl with different pH values (8, 9, 10, 11 and 12). The pH value was adjusted by using a dilute
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NaOH solution. The anodic polarization curves were performed at 25 °C using a scan rate of 10 mV
min'! that started from -0.05 V vs. the corrosion potential (Ecorr) until the current density reached 1 mA
cm2. All the solutions used in the experiments were prepared by analytical grade chemicals and
deionized water.

3. RESULTS AND DISCUSSION

After cerium chemical treatment, the surface of the 304 SS specimen transforms to a bright
golden yellow, which is a typical characteristic of a cerium chemical conversion coating. Fig. 1 shows
the morphology and the EDS mapping of the obtained coating.

300 pm

Figure 1. The surface morphology (a) and EDS spectrum (b) of the obtained cerium chemical
conversion coating on 304 SS and the EDS mapping for the Ce (c) and O (d) elements.

As shown in Fig. 1(a), it is hard to observe the thin conversion coating except for some small
deposits. However, Fe, Cr, Ni, Mn, Ce and O elements are clearly visible in the EDS spectrum of the
surface (Fig. 1(b)), of which the Fe, Cr, Ni and Mn elements should be attributed to the 304 SS
substrate. The Ce and O elements in the EDS spectrum can confirm the formation of cerium chemical
conversion coating on the surface of the 304 SS specimens. In addition, the EDS mapping in Fig. 1(c-
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d) shows that the Ce and O elements are distributed on the whole surface and form some small oxide
islands. This visual observation is similar to the cerium chemical conversion coating on 316L SS [14],
revealing that a compact and homogeneous cerium chemical conversion coating was successfully
deposited on the surface of the 304 SS specimen.

Fig. 2 displays the Ecorr vs. time curves for the coated and uncoated 304 SS specimens in the
test solutions with different pH values. It can be found that the Ecorr for each specimen finally tends to
reach a steady-state after 2 h of immersion. The stable Ecorr Values of uncoated 304 SS became more
negative as the pH value of the electrolyte increased. This is similar to the results of the AISI 304 SS
and 316L SS in the alkaline solutions containing chloride ions. The reason is that the OH™ and CI" ions
may modify the composition of the passive films on the stainless steel surface, and the Cr(lll) and
Fe(l1) species decrease in the passive films as the Fe(ll) and Ni species increase as the pH increases
[30-32]. Similarly, the stable Ecorr value of coated 304 SS decreases with the increase in pH value of
the electrolyte, demonstrating that the electrochemical response of the cerium chemical conversion
coating is also affected by the electrolyte pH. In addition, Fig. 2 shows that the Ecorr Values of coated
304 SS specimens are much higher than those of the uncoated 304 SS specimens, indicating that the
cerium chemical conversion coating can provide protection for 304 SS and reduce corrosion
susceptibility in these solutions [33, 34].
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Figure 2. Variation in corrosion potential with time for (a) coated and (b) uncoated 304 SS specimens
in 3.5 wt.% NaCl solutions with different pH values at 25 °C.

Fig. 3 shows the anodic polarization curves of the coated and uncoated 304 SS specimens. As
shown in Fig. 3(b), the passive current density (ipass) increases, and the pitting potentials (Epit) shift to
much higher values as the pH increases. The austenitic stainless steels (AISI 304, 316) have similar
behaviour in the literature [30, 31]. These behaviours can be attributed to the varying compositions of
the passive films and the inhibition of pit formation and propagation under high alkaline pH conditions
induced by the dissolution of the MnS inclusions and relevant local acidification [30, 31].
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Figure 3. Anodic polarization curves of the (a) coated and (b) uncoated 304 SS specimens in 3.5 wt.%
NaCl solutions with different pH values at 25 °C.

According to the much high Ecorr and Epit values in conjunction with an enormously wide
passivation region (Table 2) [35], the coated 304 SS specimens display tremendous improvement in
the resistance to pitting corrosion compared that of uncoated specimens. The protection of the cerium
chemical conversion coating for 304 SS can also be confirmed by the morphologies of the pits on the
coated and uncoated 304 SS surfaces after the anodic polarization measurements in Fig. 4. Apparently,
the pits on the uncoated 304 SS specimen are much deeper than those on the coated ones. In addition,
it should be noted that the pit mouth is smaller than the pit interior for the uncoated 304 SS specimens,
resulting in stable growth within the occluded pit. The pits on the coated 304 SS specimens are fully
open without any cover, thus, repassivation is possible instead of just stable growth [14, 36]. In
addition, as presented in Fig. 3(a), the Epit value of the coated 304 SS specimen increases and the
passivation region becomes wider with increasing pH. These observations may be the result of the
higher stability of insoluble cerium oxide species in a more alkaline pH solution according to the
Pourbaix diagram [37-39]. Therefore, it can be concluded that the cerium chemical conversion coating
would exhibit good pitting corrosion resistance in a more alkaline pH solution with 3.5 wt.% NaCl.

Table 2. The electrochemical parameters extracted from Figs. 3 and 4.

Sample Coated Uncoated

pH 8 9 10 11 12 8 10 12

Ecor(MVvs. SCE) 332 288 254 205 144 -218 -256 -308
Epit(MV vs. SCE) 929 1067 1079 1124 1162 109 251 355

Epit - Ecor(mV) 597 779 825 919 1018 327 507 663
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Figure 4. The typical surface morphologies of the pits on the (a) coated and (b) uncoated 304 SS
specimens after the anodic polarization measurements in a 3.5 wt.% NacCl solution (pH = 10).

4. CONCLUSIONS

In this study, a compact and homogeneous cerium chemical conversion coating was
successfully prepared on the surface of 304 SS. The chemical conversion coating is stable in alkaline
solutions containing chloride ions, which may greatly increase the Ecorrand Epit values of 304 SS. The
pits on the uncoated 304 SS are much deeper than those on the coated ones. It can be concluded that
the chemical conversion coating improves the pitting corrosion resistance of 304 SS in alkaline
solutions containing chloride ions. The cerium chemical conversion coating shows good pitting
corrosion resistance with increasing pH values from 8 to 12 in a 3.5 wt.% NacCl solution.
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