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a Department of Chemistry, Faculty of Science (Girls), Al-Azhar University, P.O. Box: 11754, Yousef Abbas Str., Nasr City, Cairo, Egypt 
b Mining, Petroleum and Metallurgical Engineering Department, Faculty of Engineering, Cairo University, Egypt 
c University of Oulu, Kerttu Saalasti Institute, Pajatie 5, FI-85500 Nivala, Finland   

A R T I C L E  I N F O   

Keywords: 
Low-nickel stainless steel 
Ce-doped TiO2 coating 
Polarization 
Weight loss 
Corrosion rate 
Acidic chloride media 

A B S T R A C T   

Ce-doped TiO2 coatings were applied by electrodeposition on a low-nickel austenitic stainless steel (AISI 201) 
bearing 8 wt% Mn to improve the electrochemical properties in acidic chloride solutions. Characterization of the 
Ce-doped TiO2 coatings was performed by a scanning electron microscope equipped with energy dispersive X-ray 
spectroscopy (EDS) to study the tiny features. The corrosion behavior of the bare and coated steel was evaluated 
in aqueous acidic chloride solutions mixing with different chloride concentrations, 1 mol⋅L− 1 H2SO4 with 0–1.5% 
NaCl. Potentiodynamic polarization tests were conducted to evaluate the corrosion characteristics, corrosion 
potential Ecorr and corrosion current density icorr. Further study concerning the weight loss (WL) using immersion 
tests for the long-term was conducted to determine the bare and corresponding coated steel's equivalent 
corrosion rates. 

It was found that the electrodeposited Ce-doped TiO2 coatings with a layer thickness of ~1 μm enhance the 
corrosion resistance of the coated steel in the acidic chloride solutions compared to its counterpart, the bare steel. 
The polarization tests showed that the icorr of the Ce-doped TiO2 coated steel significantly declined to a half value 
of the bare steel. The Ecorr for all coated specimens shifted to a more positive value when compared with those of 
the bare steel. The WL measurements displayed that the bare AISI 201 steel experiences intensive corrosion 
degradation in the presence of a low concentration of chloride ions. However, the Ce-doped TiO2 coatings 
significantly resist the aggressive chloride ions and consequently increase the corrosion resistance of the steel.   

1. Introduction 

In recent times, the newly developed austenitic low-Ni CrMn stain-
less steel grade with medium Mn content (~8%) have gained attention 
to achieve an optimum compromise between low-cost due to lower Ni, 
high formability, superior properties of strength and ductility, and 
moderate corrosion resistance. Economically, the high nickel price 
variations result in a significant change in the global stainless steels 
market [1]. Consequently, low-Ni CrMn stainless steels, represented in 
200 series austenitic stainless steels, were designed to be more cost- 
effective solutions to replace the conventional, familiar type 300 series 
austenitic stainless steels [2]. 

It is reported that low-nickel CrMn stainless steels exhibit superior 
mechanical properties due to the operating martensitic transformation/ 
twinning mechanisms, which related to their low stacking fault energy 
[3–5]. However, the low corrosion properties of such types of steel are a 

drawback in certain applications in aggressive environments [6–8]. It 
was highlighted that the corrosion resistance is lower than those of the 
300 series stainless steels due to the high dissolution rate of the Mn 
element in acidic and chloride corrosive media [9–11]. In the open 
literature, the corrosion behavior of the low-nickel stainless steels was 
enhanced by different techniques of surface modification. For instance, 
nitriding was conducted on the AISI 200 series to improve the corrosion 
resistance [12–15]. Di Schino et al. [16,17] used a different approach to 
increase the corrosion resistance of a low-Ni stainless steel bearing high 
nitrogen (Fe-0.037C-18.5Cr-1.07Ni-11.4Mn-0.37N) by alternating grain 
structure through grain refinement processing. However, economically, 
this approach to enhance the corrosion resistance may increase the 
manufacturing costs due to grain refining. 

It was established that a multifunctional titanium dioxide (TiO2) 
coating is used for the surface modification and applied on the metal 
surface to provide anticorrosive, antimicrobial, and bioactive properties 
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for the biomedical materials. This is attributed to the stable bonding 
structure of TiO2 compound [18]. Hence, as a chemically ceramic stable 
compound, TiO2 is largely used as a corrosion resistant thin film. Wang 
et al. [19] applied Nb-doped TiO2 coatings to 316 stainless steel to in-
crease the corrosion resistance and electrical conductivity of the steel. 
Recently, Winnicki et al. [20] applied TiO2 coatings by the cold spraying 
method on plates of aluminium alloy AA1350 and mild steel. Shanaghi 
et al. [21] improved the corrosion resistance of mild steel about 190 
times by performing this coating. Recently, Dai et al. [22] applied a 
composite coating of Al2O3-TiO2 to increase the corrosion behavior of 
316 L stainless steel. They found that the composite coating has a 
remarkably effect on increasing the corrosion resistance of the studied 
steel. 

There are different techniques to deposit TiO2 coating, such as 
chemical vapor deposition (CVD) [23], sputtering [24], physical vapor 
deposition (PVD) [25], and sol-gel process [26]. However, vacuum- 
based techniques are relatively more expensive. In addition, the sub-
strates used should be in a small area. The electrodeposition process is 
economically desirable in the industry because of its simplicity and mass 
production. Several researchers used rare-earth elements, such as 
cerium (Ce), lanthanum (La), and ytterbium (Yb), with very small 
amounts to synthesize rare-earth modified TiO2 coating. Doping of TiO2 
with Ce improves the chemical durability and stability of the oxide 
coating layer. 

Amongst TiO2 coating techniques, electrodeposition of Ce-doped 
TiO2 coating is very scarcely applied on medium-Mn stainless steel. 
This method offers flexibility in the fabrication of protective coatings 
with high composition control and homogeneity in the layer thickness. 
Hence, TiO2 coating by electrodeposition is a very promising strategy 
due to its significant performance, cost-effective and eco-friendly na-
ture. The present work aims to evaluate the utilization of electro-
deposited Ce-doped TiO2 coating applied on medium-Mn AISI 201 steel 
surface, to show its effect on enhancing the anti-corrosion behavior and 
chemical durability in acidic chloride solutions. 

To the authors' knowledge, the TiO2 coating of AISI 201 stainless 
steel has not been reported in the literature. In the present research, Ce- 
doped TiO2 coatings were electrodeposited on medium-Mn stainless 
steel, type AISI 201 to alter the steel surface and improving the corrosion 
behavior. A direct comparison of the effects of the coating on the 
corrosion characteristics of the bare steel was carried out. Corrosion 
behavior of the TiO2 coated steel samples in different acidic chloride 
solutions (1 mol⋅L− 1 H2SO4 bearing 0.5–1.5% NaCl) was studied by 
means of electrochemical open circuit potential (OCP) measurements, 
potentiodynamic polarization tests, and long-term corrosion behavior, 
such as WL experiments, to evaluate the equivalent corrosion rates. The 
results were compared also with those of the bare steel. 

2. Experimental procedures 

2.1. Materials and Ce-doped TiO2 coating 

In this work, austenitic stainless steel of grade AISI 201 was supplied 
by Outokumpu Stainless Oy, Tornio Works (Tornio, Finland) in the form 
of 1 mm thick sheets. The chemical composition is illustrated in Table 1. 
Before the surface Ce-doped TiO2 coating, the steel plates were sub-
merged in 1:1 hydrochloric acid solution for 3 min. Subsequently, the 
steel plates were dried after cleaning with alcohol. 

Ce-doped TiO2 coatings were electrodeposited at room temperature 
and applied potential 25 mV vs. SCE for one-hour plating duration using 
an alkaline-oxidized Ti bath. The pH of the electrodeposition solution 

was adjusted in the range of 7 to 7.5 by adding drops of sulfuric acid. A 
powerful power supply and a digital multimeter (model CD800a) were 
used to control the potential applied to the working electrode. The 
experimental setting achieves an accurate, reliable, and symmetry po-
tential of 25 mV during the electrodeposition process of the concerned 
coating. 

The bath composition consists of cerium sulfate of 33.2 g/L (source 
of Ce), 4.8 g/L pure Ti powder, and KOH (oxidizing agent). The elec-
trochemical cell for the Ce-doped TiO2 electrodeposition consists of AISI 
201 steel as a cathode and Ti alloy (Ti-7Cr-4Fe wt%) as an anode. 
Finally, the Ce-doped TiO2 coated steel specimens were rinsed using a 
gentle flow of distilled water for a few seconds and ultrasonically 
cleaned with acetone. A scanning electron microscope SEM (JEOL JSM 
7600F) equipped with EDS was employed to characterize the bare steel 
and coating features before and after corrosion. 

2.2. Electrochemical measurements 

2.2.1. Open circuit potential 
The open-circuit potential measurements of AISI 201 stainless steel 

were carried out by using a digital multimeter (CD 800 a) at room 
temperature. The working electrode was immersed in 50 mL of the test 
solution and the potential was recorded with respect to SCE as a refer-
ence electrode. The potentials were recorded as a function of time until 
steady-state potential values were established. 

2.2.2. Polarization measurements 
A conventional three-electrode cell was used with a platinum 

counter electrode and a reference electrode of saturated calomel elec-
trode (SCE). Potentiodynamic polarization tests of the steel were con-
ducted using a computerized potentiostat (a Voltalab PZ301 
potentiostat). The corrosive media used to determine the corrosion 
resistance of the bare steel and the coated steel are acidic solutions of 1 
mol⋅L− 1 H2SO4 mixed with different concentrations of chloride ions, for 
example, 0.5, 1, and 1.5% NaCl. Potentiodynamic polarization curves 
were recorded at a scanning rate of 0.5 mV/s. The working electrode was 
first immersed in the test solution for 30 min to reach a quasi-stationary 
value of the open circuit potential (OCP) prior to the measurements. All 
polarization tests were conducted at room temperature. According to the 
potentiodynamic polarization, the corrosion rate (CR), given in mm/yr, 
is calculated according to Faraday's law, Eq. (1) [27]: 

CR = K1
icor

ρ EW (1)  

where icor is the corrosion current density in μA/cm2, ρ is the steel 
density in g/cm3 (taken ρ = 7.8 g/cm3 for AISI 201 steel), EW is the 
equivalent weight, and K1 is a constant (3.27 × 10− 3 mm⋅g/μA⋅cm⋅yr). 

The corrosion tests measurements were repeated twice for the bare 
and coated steel to ensure the reliability of the test data and the average 
value was reported. 

2.3. Weight loss (WL) measurements 

The corrosion degradation of the bank steel and Ce-doped TiO2 
coated steel was evaluated by immersion tests in acidic chloride solu-
tions, 1 mol⋅L− 1 H2SO4 + 0–1.5% NaCl, to study the effect of the coating 
on long-term corrosion through the weights' change. Before immersion 
tests, the samples were cleaned and pre-weighed in accordance with the 
requirements of the ASTM G1-90 standard. The steel coupons were 
retrieved after 24, 48, 72, 96, and 120 h, washed with distilled H2O, 
dried with acetone, and re-weighed. The average CR by weight loss (in 
mm/yr) was calculated using the following equation [28]: 

CR =
87600(m0 − m)

A.ρ.t (2) 

Table 1 
Chemical composition of AISI 201 stainless steel.  

Steel C Mn Cr Ni Mo Cu Si N 

AISI 201 0.05 7.4 17.48 3.7 0.05 0.23 0.32 0.2  
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where m0 and m are the weight before corrosion (in grams) and weight 
after corrosion (in grams), respectively. A and t are the exposed surface 
area (cm2) and the exposure time to the corrosive media (in h), 
respectively. 87600 is the unit conversion constant. All WL measure-
ments were carried out at room temperature. 

3. Results and discussion 

3.1. Coating characterization 

The current density is plotted against time at the applied potential of 
25 mV vs. SCE during the electrodeposition process for 1 h, as shown in 
Fig. 1. It can be observed that a steady-state current value of 60 μA⋅cm− 2 

is quickly reached after 30 min. At the early stage of electrodeposition, 
the current sharply increases up to its maximum value due to the anodic 
dissolution reactions of the anode Ti-7Cr-4Fe alloy electrode and Ti 
powder in the bath according to the following electrochemical reactions. 
Furthermore, KOH was used as an oxidizing agent for promoting the 
anodic dissolution of the Ti cations from the anode electrode. Conse-
quently, Ti4+ cations dissolve into the electrolyte and deposit as TiO2 on 
the working electrode, i.e., the steel substrate. 

Ti→Ti+4 + 4e− (3) 

The side cathodic reactions are: 

O2 + 2H2O+ 4e− →4OH− (4)  

2H2O+ 2e− →H2 + 2OH− (5) 

Then the current decreases, as evident from Fig. 1, presumably due to 
promoting the formation of the Ce-doped TiO2 coating through the 
following reactions: 

Ti+4 + 2OH− + 4e− →TiO2 +H2 (6)  

Ce4+ + 4e− →Ce (7) 

It is apparent from the SEM observations of the steel surface in Fig. 2 
that after 60 min of electrodeposition, a protective over-coating layer of 
Ce-doped TiO2 is formed on the steel surface and grows with time. 
Consequently, the current in this stage of the electrodeposition is 
invariable. 

The morphology and features of the electrodeposited Ce-doped TiO2 
coating on the steel surface are shown in Fig. 2. As it can be observed, the 
TiO2 coating is deposited on the surface in a dendritic pattern consisting 
of dendritic cores and arms, as shown in Fig. 2(a). Crack traces, high-
lighted in the yellow lines, are seen on the coating, as shown in Fig. 2(b). 
A similar observation of crack traces in Co-Mo/TiO2 coatings was 

reported by Krawiec et al. [29]. These cracks are attributed to the FE- 
SEM electron beam which damages the thin TiO2 layer. At high 
magnification, the fine features of the TiO2 coating are irregularly sha-
ped needles dispersed on the steel surface, as shown in Fig. 2(c). How-
ever, Fig. 2(d) shows the irregularity and the conspicuous features of the 
Ce-TiO2 coating show up brightly. The EDX analysis revealed that the Ce 
content of the electrodeposited coating is 0.14 wt%. Traces from ele-
ments Fe, Cr, and K are observed in the EDS map. It is possible that some 
oxidized ions dissolve from the anode Ti-7Cr-4Fe alloy into the solution 
and can deposit back onto the working electrode with the main coating. 

Fig. 3 shows a cross-section of the Ce-doped TiO2 coating, revealing a 
regular interface between the steel substrate and the Ce-doped TiO2 
layer. The interface bonding between the steel substrate and the coating 
layer is free of defects such as microcracks and pores. Furthermore, the 
layer appears with a uniform thickness of approximately ~1.1 μm. The 
density of the Ce-doped TiO2 coatings was estimated from their mass, 
area, and average thickness. Based on measuring these parameters of 
three coated samples, the density of the concerned coating 3.7 g/cm3. 

It is well known that the oxide layer of TiO2 is crystallized into two 
different crystals, i.e., tetragonal Anatase or tetragonal Rutile. However, 
the surface free energy of the anatase phase is lower than that of the 
rutile phase. Hence, the former phase of TiO2 coating is promoted at 
elevated annealing temperatures [30,31]. It is reasonable to assume that 
the crystal form of the TiO2 coating, which electrodeposited on the AISI 
201 steel surface, is mainly tetragonal Anatase. Furthermore, the doped 
Ce metal ions are incorporated into the TiO2 lattice. 

3.2. Open circuit potential 

It is well known that the open circuit potential (OCP) of a material is 
a parameter used as a thermodynamic predictor of electrochemical 
oxidation tendency in a corrosive medium [32]. In the absence of 
applied potential, the potential of the steel electrode may vary with time 
because the nature of the steel surface could be altered due to the 
spontaneous cathodic and anodic reaction rates. In other words, the OCP 
can be changed with time due to oxidation, formation of the passive 
layer, or immunity [33]. 

The OCPs as function of time of the bare steel and Ce-doped TiO2 
coated steel in different acidic chloride solutions are depicted in Fig. 4. 

We refer to two OCPs, EOC1 for the steel electrode introduced into the 
solution directly from the air (at the first moments of immersion) and 
when the potential of the electrode stabilizes around a stationary value, 
EOC2. The latter potential represents the corrosion potential of the steel 
electrode at the corrosion media. 

The values of EOC1 and EOC2 are listed in Table 2. It is observed that 
the OCPs of both the bare 201 steel and Ce-TiO2 coated steel in 1 mol⋅L− 1 

H2SO4-free chloride solution are characterized by stable potentials, such 
that EOC1 ≈ EOC2, over the immersion time. For instance, EOC1 and EOC2 
are − 90 and − 92 mV for the bare steel and − 59 and − 56 for the Ce-TiO2 
coated steel, respectively. 

As shown in Fig. 4, the corrosion potential EOC1 becomes more 
negative when mixing the NaCl in 1 mol⋅L− 1 H2SO4. It can be noticed 
that EOC1 displaces abruptly towards the negative potentials during a 
period of 15 min due to the attack of chloride ions on the passive oxide 
film of the steel. Moreover, the activity of EOC2 increases, in other words 
becomes more negative, when increasing the chloride ions concentra-
tion. For instance, the EOC2 of the bare steel decreases from − 92 at 
0 NaCl to − 425 mV at 1.5% NaCl. Thus, the more negative EOC2, the 
more chemically reactive, leading to intensive corrosion of the steel 
through the higher NaCl concentration. 

This indicates that Cl− ions attack the passive layer at a rate pro-
portional to their concentration. This is in agreement with the OCPs of 
304 SS in 1 mol⋅L− 1 sulfuric acid with different concentrations of chlo-
ride ions [34]. Fig. 4(b) shows that the OCPs of steel coated by Ce-TiO2 
displayed similar behaviors with a lower negativity of EOC2 than the 
counterparts. For example, at 1.5% NaCl, the EOC2 values of the bare 

Fig. 1. Evolution of the current density vs. time during electrodeposition of Ce- 
doped TiO2 coating on AISI 201 stainless steel. 
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steel and the coated steel are − 425 and − 340 mV, respectively. This 
means that the Ce-TiO2 coating improves the corrosion protection of the 
steel by increasing the nobility of the steel. 

3.3. Potentiodynamic polarization measurement 

Typical potentiodynamic polarization curves of the bare 201 steel, as 
well as the steel coated by Ce-TiO2 in the acidic chloride solutions, are 
shown in Fig. 5. The extracted corrosion parameters from the polariza-
tion curves, such as corrosion potential Ecorr and corrosion current 
density icorr, are listed in Table 3. In addition, the calculated CR (in mm/ 
yr) of the steel in the different corrosion media is listed in Table 3. 

Corrosion current density icorr is determined using the Tafel extrap-
olation method from the intersection of the cathodic Tafel line with the 
anodic Tafel line, in correspondence to the cathodic and anodic 

branches, respectively, at potential E = Ecorr. However, the passivation 
region, in other words a long potential period at a constant current, is 
promoted in the polarization curves by a protective passive film. Simi-
larly, AISI 300 series stainless steels have distinct passivation capability 
in acidic solutions [35]. In Fig. 5, notably, all AISI 201 coupons exhibit 
pronounced passivation behavior with wide passivation regions. 

Furthermore, it is noteworthy that the icorr of the Ce-TiO2 coated 201 
steel coupons is significantly lower than the icorr of the bare steel 
coupons. 

It can be observed that there is a distinct effect of the NaCl concen-
tration and the Ce-TiO2 coating on the corrosion behavior of the studied 
steel. By increasing the NaCl concentration from 0 to 1.5%, icorr 
increased from 33 to 2426 μA/cm2 for the bare steel. However, the 
corresponding icorr values for the Ce-TiO2 coated steel are 27 and 1090 
μA/cm2, respectively. 

The higher icorr values for the bare 201 steel compared to those of 
coated steel can be explained by the fact that the active corrosion of 201 
occurs through the high dissolution of high-Mn content in the matrix of 
201 steel [36]. 

The polarization curve of the uncoated steel in the corrosive media 
with 1% NaCl shows an anodic peak at − 150 mVSCE due to the disso-
lution reactions of the steel surface. Hamada et al. [35] observed a 
similar anodic peak in the anodic polarization curves of reversion 
annealed AISI 301 L stainless steel in an acidic chloride solution. How-
ever, the steel coated with Ce-TiO2 does not show such an anodic peak in 
the polarization curves, as shown in Fig. 5. 

It is apparent that the corrosion resistance of the studied 201 stain-
less steel significantly improved due to coating with Ce-TiO2, as dis-
played from the CR calculations in Fig. 6. The measured CRs of the steel, 
in both bare and Ce-TiO2 coated cases, were found to be proportional to 
the NaCl concentration in the 1 mol⋅L− 1 H2SO4 solution. This is because 
Cl− ions activate the anodic dissolution of the alloying elements in 
stainless steel [34]. As shown in Fig. 6, the CRs are significant lower in 

Fig. 2. SEM images of the Ce-doped TiO2 coating on 201 stainless steel: (a) dendritic morphology, (b) crack traces in the coating, (c) high magnification, and (d) 
irregularity feature. 

Fig. 3. Cross-section view of the coated steel showing the Ce-doped TiO2 layer.  
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the NaCl concentration ranging from 0 to 1%. For instance, the CRs 
values of the bare steel and coated steel at the corrosive solution bearing 
1% NaCl are approximately 4 and 1 mm/yr, respectively. 

By increasing the NaCl concentration to 1.5%, the corresponding CRs 
considerably increase to 19 and 8.6 mm/yr. This is attributed to 
aggressiveness of Cl− ions related to the high anionic nature of these ions 
and the high diffusivity [37]. 

3.4. WL measurements 

Corrosion evaluation of a material is widely determined by the 
classical technique, WL measurements by immersion in the corrosive 
media for long-term exposure, as applied in several publications 
[38–40]. WL experiments were conducted in acidic solutions bearing 
different NaCl concentrations by immersing a series of the bare steel 
coupons and Ce-TiO2 coated 201 steel coupons in the solutions for 
various time intervals, ranging from 24 to 120 h to determine the WL per 
unit area. The WL results as a function of exposure time in the acidic 

chloride mixture are shown in Fig. 7. It was observed that the bare steel 
experienced the highest WL, whereas the steel coated with Ce-doped 
TiO2 displayed significant decreases in WL. However, it is obvious that 
the WL is generally roughly related to the Cl− content in the acidic 
solution. 

It is noteworthy that the straight lines of the WL plots, Fig. 7(a), have 
various slopes with increasing the Cl− ions. In the acidic solution free of 
Cl− ions, the WL slope is low. However, with mixing Cl− ions, the WL 
slopes increase. It is well known that by increasing the concentration of 
Cl− ions, localized corrosion of stainless steel generally increases [41]. 
This is attributed to the high dissolution rate of Mn element in the acidic 
chloride solutions [42]. 

Whereas the WL of the steel coated with TiO2 in 1 mol⋅L− 1 H2SO4 is 
insignificant with immersion time, which is the black line in Fig. 7(b). 
This is attributed to the protection effect of the Ce-TiO2 coating, which 
induces resistance against continuous corrosion of the studied steel. 

Fig. 4. Open circuit potential, EOCP, variation with time for AISI 201 stainless 
steel in 1 mol⋅L− 1 H2SO4 solution with different NaCl concentrations: (a) bare 
201 steel, and (b) Ce-doped TiO2 coated 201 steel. 

Table 2 
Open circuit potentials, EOC1 and EOC2, of the bare steel and the Ce-TiO2 coated 
201 steel in 1 mol⋅L− 1 H2SO4 solution with different NaCl concentrations.  

Steel surface Bare 201 SS Ce-TiO2 coated 201 SS 

Corrosion solution EOC1, mV EOC2, mV EOC1, mV EOC2, mV 

1 mol⋅L− 1 H2SO4  − 90  − 92  − 59  − 56 
1 mol⋅L− 1 H2SO4 + 0.5% NaCl  − 35  − 127  − 73  − 85 
1 mol⋅L− 1 H2SO4 + 1% NaCl  − 105  − 277  − 105  − 126 
1 mol⋅L− 1 H2SO4 + 1.5% NaCl  − 197  − 425  − 125  − 340  

Fig. 5. Potentiodynamic polarization curves of the studied AISI 201 steel in 1 
mol⋅L− 1 H2SO4 bearing different NaCl concentration: (a) bare steel, and (b) Ce- 
TiO2 coated 201 steel. 

Table 3 
Corrosion current density icorr, corrosion potential Ecorr, and corrosion rate CR of 
the bare 201 stainless steel and Ce–TiO2 coated 201 steel in different acidic 
chloride media of 1 mol⋅L− 1 H2SO4 bearing different NaCl concentration.  

Corr. media Bare 201 steel Ce-TiO2 coated 201 steel 

(1 mol⋅L− 1) 
H2SO4 

Ecorr mV icorr μA/ 
cm2 

CR 
mm/y 

Ecorr mV icorr μA/ 
cm2 

CR 
mm/y 

+0.5% NaCl  248.09  33  0.26  265.59  27  0.21 
+1% NaCl  − 139.71  182  1.44  118.82  71  0.56 
+1.5% NaCl  − 228.34  488  3.86  − 20.29  138  1.10 
+0.5% NaCl  − 298.89  2427  19.21  − 245.83  1090  8.62  

G.A. Gaber et al.                                                                                                                                                                                                                                



Surface & Coatings Technology 423 (2021) 127618

6

However, the WL of the coated steel increases with mixing Cl− ions, 
which could be due to Cl− ions attacking the protective layer of Ce-TiO2 
coating. 

Fig. 8 illustrates the calculated CR of the bare steel and Ce-TiO2 
coated steel as a function of the concentration of Cl− ions. The CR data 
from the WL measurements are comparable, indicating that the surface 
coating with Ce-TiO2 has a significant effect on the corrosion behavior of 
the studied steel when exposed to these acidic chloride solutions. From 
the slopes of the regression fittings of the CRs, it can be observed that the 

first CR slope of the bare steel is quite high 51.07 mm ⋅ y− 1/% when 
adding chloride ions of 0.5%NaCl. In other words, the CR of the bare 
steel is accelerated due to the aggressive Cl− ions in the acidic solution. 
Whereas the corresponding slope of the Ce-TiO2 coated steel is quite low 
0.87 mm ⋅ y− 1/%in the corresponding acidic solution. It is acknowl-
edged that a significant improvement in the corrosion resistance due to 
the protection ability of the Ce-TiO2 coating is observed throughout. 

It is apparent that both techniques, polarization and WL measure-
ments, display that the Ce-doped TiO2 coating can be effectively used as 
a corrosion resistive coating to enhance the corrosion resistance of AISI 
201 steel in acidic chloride solutions of 1 mol⋅L− 1 H2SO4 - NaCl at room 
temperature. A significant variation is observed in the corrosion rates 
obtained by both techniques. The recorded CRWL in the case of WL 
measurements is significantly higher than those CRP measured by po-
larization measurements. This is due to the long exposure time of the 
steel to the corrosive media and the formation of a porous oxides surface 
layer without protective properties inducing the diffusion rate of oxygen 
towards the surface. Consequently, the metal loss is promoted, and CR 
increases. 

Collectively speaking, the corrosion process is limited by the diffu-
sion process of dissolved oxygen and chloride ions. In other words, the 
corrosion kinetics of the steel during short-term corrosion (i.e., polari-
zation tests) and long-term corrosion (i.e., weight loss tests) are signif-
icantly various due to the time-dependent diffusion process of oxygen 
and chloride ions. Consequently, the threshold concentrations of Cl−

ions that induce significant chloride-induced corrosion in the short-term 
and the long-term corrosion are various. During short-time exposure as 
in the polarization tests, a higher concentration of Cl− ions of 1.5% is 
required to degrade or “depassivate” the passive layer of the metal and 
increase the CR, as shown in Fig. 6. As the exposure time increases 
during weight loss tests, the diffusion process of the corrosive ions is 
favorable. Hence, a lower concentration of Cl− ions of 1% induces 
degradation of the coating, as shown in Fig. 8. It means that the pro-
longed exposure in the corrosion solutions of acidic chloride prompts 
high CR at lower Cl− ions concentrations. Therefore, the synergistic 
effect of the prolonged exposure and the concentration of Cl− ions have a 
significant impact on the corrosion behavior of the coating. 

3.5. SEM analysis of the corroded surfaces 

The corroded surface features were characterized by the secondary 
electron imaging technique in a scanning electron microscope (SEM) to 
display the protection performance of the Ce-TiO2 coating. SEM images 
were recorded for the bare steel and the coated steel after WL experi-
ments. Fig. 9 shows the SEM images of the bare steel without coating 
after immersion for 120 h in different acidic chloride solutions. After 
immersion in the 1 mol⋅L− 1 H2SO4 solution, it can be observed that the 

Fig. 6. Polarization corrosion rates of the bare 201 stainless steel and Ce-doped 
TiO2 coated 201 steel in acidic chloride solutions of 1 mol⋅L− 1 H2SO4 bearing 
different NaCl concentrations. 

Fig. 7. Weight loss as a function of time of the studied steel in 1 mol⋅L− 1 H2SO4 
bearing different NaCl concentration: (a) bare 201 steel, and (b) Ce-TiO2 coated 
201 steel. 

Fig. 8. WL corrosion rates of the bare 201 stainless steel and Ce-doped TiO2 
coated 201 steel in acidic chloride solutions at room temperature. 
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Fig. 9. SEM images of the bare AISI 201 steel specimens after weight loss tests for 120 h in different acidic chloride solutions: (a) 1 mol⋅L− 1 H2SO4, (b) high 
magnification of (a), (c) 1 mol⋅L− 1 H2SO4 + 0.5% NaCl, and 1 mol⋅L− 1 H2SO4 + 1.5%NaCl. 

Fig. 10. SEM images of the Ce-doped TiO2 coated 201 steel specimens after weight loss tests for 120 h in different acidic chloride solutions: (a) 1 mol⋅L− 1 H2SO4, (b) 
1 mol⋅L− 1 H2SO4 + 1% NaCl, (c) high magnification of (b), and (d) 1 mol⋅L− 1 H2SO4 + 1.5%NaCl. 
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bare steel displays has severe corroded grain boundaries, indicated by 
the white arrows. It seems that the steel grain boundaries are prefer-
ential corrosion sites. However, a highlighted grain is fully corroded, as 
shown in Fig. 9(a). 

The preferential attack on the steel grain boundaries is a result of the 
corrosive reaction taking place on the surface of the specimen. There-
fore, the grain boundaries are more liable to corrosive attacks than in-
ternal grains [43]. At high magnification, tiny pits can be observed on 
the corroded bare steel in the pure acidic solution 1 mol⋅L− 1 H2SO4, as 
shown in Fig. 9(b). It is well known that the pitting of steel is a sign of 
localized corrosion. Thus, the bare 201 steel experiences localized 
corrosion in sulfuric acid due to the sulfate ions SO4

− 2. 
By mixing Cl− ions with the acidic solution, the steel surface is 

rigorously corroded because of the aggressive attack of Cl− ions, as 
shown in Fig. 9(c) and (d). EDS analyses were conducted to characterize 
the corrosion products of oxide scales formed on the steel surface. The 
oxides layer was mainly composed of Fe, Mn, and Cr oxides. 

Similarly, the SEM observations of the Ce-TiO2 coated steel samples 
were performed after immersion tests in different acidic chloride solu-
tions for 120 h, see Fig. 10. It is apparent that the Ce-TiO2 coating is 
insoluble in the aqueous sulfuric acid solution. It can be observed that 
the Ce-TiO2 coating is immune in 1 mol⋅L− 1 H2SO4 without displaying 
detrimental corrosion effects, seen in Fig. 10(a). With 1% NaCl in the 
acidic solution, Ce-TiO2 coating slightly corrodes at the cracks traces, as 
shown in Fig. 10(b). White NaCl crystals can be seen on the coating. At 
high magnification in Fig. 10(c), the corrosion damage of the TiO2 layer 
is obvious at the cracks traces, highlighted by the yellow circles. How-
ever, no signs of pitting can be seen on the coating. Consequently, a 
slight WL equivalent to a CR of 0.48 mm/y was observed at 1%NaCl, 
seen in Fig. 8. By increasing the Cl− concentration in the acidic solution 
to 1.5% of NaCl, the degradation of the coating increases, as shown in 
Fig. 10(d). This result is in agreement with the calculated CR of the 
coated steel in such a solution, see Fig. 8. 

The characteristics of the surface morphology of the bare and the 
coated steel after polarization tests in the tested corrosive media are 
shown in Fig. 11. It can be observed that micro-pits with irregular shapes 
are dispersed on the corroded bare steel surface in 1 mol⋅L− 1 H2SO4, 
highlighted by the yellow circles, as shown in Fig. 11(a). However, in an 
acidic chloride solution of 1 mol⋅L− 1 H2SO4 + 1% NaCl, a notably 
different corrosion layer is formed on the bare steel surface, Fig. 11(b). 
On the other side, the characteristics of the surface morphology of the 
coated steel show that a slight effect without promoting a pitting or a 
corrosion layer on the coated steel during polarization testing in 1 
mol⋅L− 1 H2SO4, Fig. 11(c), and 1 mol⋅L− 1 H2SO4 + 1% NaCl, Fig. 11(d). 
These results reveal that the Ce-doped TiO2 coating has a profound 
positive influence on the corrosion resistance of the studied steel. 

The EDS analysis of the corroded surfaces of the bare steel and its 
counterpart, the coated steel, confirmed the formation of Fe, Cr, and Mn 
oxides. Interestingly, Ti and Ce are not present in the EDS profiles of the 
corroded surfaces of the coated steel. This is attributed to the stability of 
the coating against corrosion dissolution. This confirms the effectiveness 
of the Ce-doped TiO2 coating as active corrosion protection for 
enhancing the corrosion resistance of the studied steel. 

Based on the EDS analysis of the corroded surfaces of the AISI 201 
steel, we can conclude the corrosion mechanism as follows: at the acidic 
chloride solutions, the oxidation and anodic dissolution process of the 
bare steel is induced due to the presence of Cl− ions, which are 
responsible for the breakdown of the passive film, resulting in the for-
mation of corrosion products layer from. The cathodic and anodic re-
actions can be expressed as: 

Fe→Fe2+ + 2e− iron dissolution anodic reaction (8)  

Fe2+ +H2O→Fe(OH)
+
+H+ (9)  

Fig. 11. SEM images of the surface morphology after the polarization tests: Bare 201 steel in (a) 1 mol⋅L− 1 H2SO4, (b) 1 mol⋅L− 1 H2SO4 + 1% NaCl, and Ce-TiO2 
coated 201 steel in (c) 1 mol⋅L− 1 H2SO4, (d) 1 mol⋅L− 1 H2SO4 + 1%NaCl. 
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3Fe(OH)
+
+ H2O→Fe3O4 + 5H+ + 2e− corrosion product formation

(10) 

In the presence of Cl− ions, the hydrolysis of Fe2+ is accelerated and 
the negative ions Cl− increase the acidity of the electrolyte according to 
the reaction [44]. 

Fe2+ + 2Cl− →FeCl2 (11)  

FeCl2 + 2H2O→Fe(OH)2 + 2HCl (12) 

Similarly, Mn tends to form basic oxides, e.g., MnO, in the aqueous 
solutions. These Mn oxides react with aqueous acids and give rise to the 
aqueous Mn2+ cations with hydrogen evolution [40]. Hence, the 
corrosion products are mainly FeCl2, Fe(OH)3, Fe3O4 and MnO oxides. 
The main cathodic reaction is: 

2H2O+ 2e− →2OH− +H2 (13) 

Subsequently, with proceeding the self-propagation of the metal 
dissolution process, the passive film loses its capacity to re-passivate. 

4. Conclusions 

The most relevant results of this work concerning the electrodepo-
sition Ce-doped TiO2 coating on AISI 201 stainless steel and character-
ization of the corrosion behavior of the bare steel and the coated steel 
can be briefly summarized as follows: 

1. Ce-doped TiO2 coatings of thickness 1 um and composition homo-
geneity were synthesized on a medium-Mn stainless steel AISI 201 by 
electrodeposition. Microstructural analysis displayed no pores or 
interface cracking occurred. Some surface cracks are caused by the 
high energy of the electron beam of SEM.  

2. The bare steel exhibited passivation with a low corrosion rate in the 
acidic chloride-free solution. A sudden sharp increase in the corro-
sion rate is induced when a low chloride ions concentration of 0.5% 
is added. This is attributed to the rupture of the passive film eroded 
by the aggressive chloride ions.  

3. The long-term corrosion behavior showed that the weight loss of the 
bare steel increases with increasing immersion time, with a high 
corrosion rate of 37 mm/yr at 1 mol⋅L− 1 H2SO4 + 1.5%NaCl. The 
corrosion rate of the coated steel at the corresponding solution is 
~20 mm/y. This appears to show that applying Ce-doped TiO2 
coating decreases the corrosion rate of the steel by nearly 50%.  

4. The corrosion rates calculated from the polarization measurements 
are lower than those evaluated by weight loss measurements of the 
studied coated steel (CRP ≪ CRWL). This is attributed due to the 
synergistic effect of the prolonged exposure and the high diffusion of 
chloride ions.  

5. The corroded surfaces of the bare 201 steel displayed pitting, with 
the oxides layer formed mainly from Mn and Fe oxides. However, the 
ceramic-based layer structure of Ce-doped TiO2 prevented the for-
mation of the corrosion oxides layer. 
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