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Abstract

Long-term protectiveness of zinc coatings remains challenging where conversion surface pre-treatments are suggested such
as the promising cerium oxide-based coatings. In the present work, the effect of acetic acid addition and of temperature of
the bath on the ceria-based coatings produced by cathodic electrodeposition on electrogalvanized steel are investigated. The
electrochemical, surface chemistry, and topographical properties are characterized and their corrosion performance is evalu-
ated in NaCl solution. The results show that the coatings prepared from equimolar mixture of cerium chloride and acetic acid
at pH 8 and room temperature were less cracked, had a smaller grain size, and offered a three-fold increase of the corrosion
resistance when compared with those prepared in cerium chloride solution at pH 6. From X-ray diffraction patterns, it seems
that the deposits obtained at pH 8 are free from corrosion products. Moreover, the porosity of the coatings obtained at pH 8
increases with increasing the bath temperatures indicating that at high bath temperature the deposits become heterogeneous
and do not cover the whole surface of the substrate.
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1 Introduction

Zinc coatings are widely applied on fasteners like bolts for
automobiles, marine platforms, concrete structures, and
other sectors because of their many advantages including
their relatively higher corrosion resistance, accepted aes-
thetic appearance, and lower cost compared to uncoated steel
[1]. Galvanized coatings protect steel by providing first an
active sacrificial phase followed by passive phase with excel-
lent barrier properties against the electrolyte penetration that
isolates the steel substrate [2]. However, for extended corro-
sion protection performance, the Zn-based coatings require
additional protection including post-plate chromating, which
is at stake due to its carcinogenic effect [3, 4]. Alternatively,
cerium-based compounds were identified as environmentally
safe conversion coatings to replace the carcinogenic Cr(VI).
Indeed, cerium-based coatings were successfully used on
many substrates including stainless steel [5, 6], magnesium
[7], and aluminum alloys [8]. However, the coatings did not
show good corrosion performance on low carbon steel and
zinc metal in the long term in saline environments [6, 9, 10].
This poor performance was attributed to the acidic character
of deposition solution particularly for high concentrations of
cerium salt. It was found that the acidic pH of the deposition
solution promotes the dissolution of the substrate before or
during the coating deposition.

According to the Pourbaix diagram of zinc, the acidic
medium induces high corrosion and the formation of unsta-
ble products contrary to the neutral or weakly alkaline con-
dition [11]. Some investigations showed that by optimizing
the added agents such as H,0, [5], fluoroalkylsilane [12],
poly(diallyldimethylammonium chloride) (PDDA) or poly-
ethylenimine (PEI) [13], and the electrodeposition process
parameters [6, 14, 15], better corrosion resistance of ceria-
based coatings was obtained compared to the chemical depo-
sition method [7]. Also, the addition of organic additives
showed interesting improvement of the corrosion resistance
by reducing defects and cracks in the conversion coatings
[16-23]. However, the organic additives may significantly
modify the chemical deposition method. Wang and Golden
[24, 25] demonstrated the possibility of ceria-based coatings
deposition from alkaline baths by anodic deposition method.
The authors showed that the addition of a weak acid (like
acetic acid) to the cerium salt bath delayed the precipita-
tion of cerium hydroxide and induced the dissociation of the
cerium complex releasing Ce** ions in the solution. Indeed,
the addition of acetic acid maintained a solution pH above 7
without cerium hydroxide precipitation and release of free
Ce’* ions necessary for the formation of Ce(OH);. This can
be attributed to the formation of non-bonded cerium acetate
complex as suggested in the previous works [22, 25] accord-
ing to Eq. (1):
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Ce** + 3 CH;COOH = Ce(CHCOO); + 3 H*. (1)

Recently, Bourenane et al. [26] have shown that ceria-
based coatings electrodeposited on low carbon steel from
cerium nitrate solution in the presence of a low acetic acid
concentration at pH 8 were homogeneous and protective
against corrosion for longer immersion time in NaCl solu-
tion. However, the films obtained at solution pH seemed
to be more heterogeneous and contained cracks losing thus
quickly its effectiveness with increasing bath temperature
[27]. According to the literature [15, 28-30], the electro-
chemical mechanism of cathodic electrodeposition involves
a first step of reduction of water and of dissolved oxygen to
produce hydroxide ions from which different cerium oxy-
hydroxides precipitate. However, raising the bath tempera-
ture enhances the hydrogen evolution reaction (HER) by
water reduction and fosters substrate dissolution [31-33].
This phenomenon would make the voltammetry tests at bath
temperatures above 55 °C quite difficult and increase the
diffusion coefficient of dissolved oxygen. However, accord-
ing to Henry’s law, the increase in the bath temperature
decreases the concentration of dissolved oxygen, which in
turn lowers the deposited amount of Ce(OH); and little is
known on the mechanisms of formation of the deposits [27].

In light of the above, the mechanism of formation of
cathodically electrodeposited ceria-based coatings from
alkaline bath is investigated in this work using analytical and
electrochemical methods. It is noted that CeCl; was chosen
instead of Ce(NOj;); since it provides more adherent and
uniform coatings [28] but precaution was taken to prevent
pitting corrosion due to the presence of chloride ions namely
at elevated bath temperature. Therefore, the effect of the ace-
tic acid concentration and bath temperature on the corrosion
protection of the coatings is investigated.

2 Experimental
2.1 Materials

14 mm round samples of A366 cold-rolled carbon steel
(Fe—0.13C-0.041Mn-0.045-0.012N-0.55Cu, wt%-nominal
composition) were electroplated with zinc from a stirred
bath (50 g L™! ZnCl,, 240 g L' KCI, and 63 g L~! H;BO,
at pH 4.5) at 40 °C by applying 70 mA cm~2 for 20 min.
Further details on the electrodeposition procedure can be
found in previous works [34, 35]. Before each experiment,
the electrode surface is pickled in 0.6% HNO; for 10 s to
remove any surface impurity or corrosion product, cleaned
ultrasonically for 3 min with ethanol, and then rinsed with
water and immediately dried with hot pulsed air.
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2.2 Cathodic electrodeposition and electrochemical
tests

A102M aqueous solution of CeCl;-7H,O (Aldrich, >99%
pure) was used as electrodeposition bath. Different concen-
trations (between 10~ and 2 M) of acetic acid were added as
complexing agent. The pH of the solution was adjusted by
adding drops of 1 M NaOH every 5 min. The cerium conver-
sion coatings were deposited by cathodic deposition during
20 min applying a current density of 1.5 mA cm™ using a
three-electrode configuration set-up. The three electrodes
were the electrogalvanized carbon steel substrate as the
cathode, platinum grid as counter electrode, and a saturated
calomel electrode (SCE) as the reference one. Dissolved
oxygen at different bath temperature was measured by using
a multi-parameters probe HI 9828 of Hana instruments. The
electrochemical tests were carried out using a potentiostat/
galvanostat (EC-Lab P150, Biologic).

The same experimental set-up was used for the corrosion
tests in 0.5 M NaCl under stirring. Cyclic voltammetry was
recorded from — 1.0 to — 2.0 V/SCE at 1 mV s™! of scan-
ning rate. All the corrosion tests were repeated at least three
times for reproducibility. They were carried out at room
temperature, except for the study on the effect of the bath
temperature for which the temperatures ranged between 25
and 55 °C. Prior to any electrochemical test, the time to
stabilization of the open circuit potential was 30 min. The
Tafel polarization curves were obtained at a scanning rate
of 0.5 mV s~ around +250 mV with respect the open cir-
cuit potential (Eqcp)- The polarization resistance (R,) was
measured at 0.5 mV s~! of scan rate, and the derived values
were obtained at 20 mV away (cathodic and anodic domains)
of the corrosion potential (E,,,.). The impedance data were
recorded at the corrosion potential (E,,) between 500 kHz
and 100 MHz at 10 mV as the applied sinusoidal perturba-
tion. The EIS results were fitted using Zview program.

2.3 Characterization of the films

The surface topography was characterized by non-contact
white-light optical profilometry using a white light inter-
ferometer (WLI FL from FRT). Imaging of the surface of
the samples was conducted using vertical scanning inter-
ferometry (VSI) mode with full resolution. The analysis of
the surface roughness, thickness, and grain size was per-
formed using FRT Mark III® software. The surfaces were
also observed with a Zeiss Axio Imager M1 Trinocular
Frame optical microscope. Moreover, the surface mor-
phology was analyzed more thoroughly using a scanning
electron microscope (SEM) of FEI Quanta 250 equipped
with X-ray energy-dispersive spectroscopy (EDS) for chemi-
cal analysis. The crystalline phases present in the deposits
were investigated by X-ray diffraction (XRD) in the 6-20

configuration using CuK, radiation 4=1.5406 nm (Bruker
AXS D8-Advanced diffractometer).

3 Results and discussion
3.1 Effect of the acetic acid addition

Figure 1 shows the evolution of the substrate potential dur-
ing deposition in 102 M CeCl, for different acetic acid con-
centrations at room temperature. The solution pH with acetic
acid was adjusted to 8, whereas without acetic acid was only
adjusted to 6 to avoid precipitation of cerium hydroxide [26].
The curves show that the substrate potential shifts towards
more negative values before stabilization, which indicates
full surface coverage by the ceria-based coating. Moreover,
the fastest shift of potential towards more negative values
occurs for the deposits grown from the equimolar mixture
(102 M CeCl; and 102 M acetic acid at pH 8). Since the
curves display the same shape, it can be assumed that the
mechanism of formation is similar but that the deposits grow
thicker under these conditions.

However, by increasing the acid concentration above
1072 M, the potential shifts towards less negative (cathodic)
values (near the substrate potential), which suggests that the
deposition process is limited by the amount of free Ce*
species in the solution. According to the literature [26, 36]
and to the current experimental data, the amount of Ce3+
decreases with the increase of acetic acid concentration.
From 1 M acetic acid, no Ce>* is available in the solution
(Table 1).

A linear relationship with a slope of 0.7 was observed
between the steady state potential of the substrate and the
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Fig. 1 Evolution of substrate potential with deposition time in 10~ M
CeCl; without (at pH 6) and with different acetic acid (HAc) concen-
trations (at pH 8) performed at — 1.5 mA cm™2 and room temperature
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Table 1 Electrocher_nical . [CH,COOH] (M) 00 1073 10°2 0.1 1 9
parameters, free cerium species,
and acetate cerium complex ApH 1.546 0.613 0.260 0 0 0
caculated from e Cerum Final potential vs. SCEV  — 172 — 1.79 ~1.78 —1.65 —131 —127
acetic acid concentrations [Ce(CH,CO0);] (M) 0 3.14x10™*  2918x10°  9.99x107° 107 102
Free [Ce*™] (M) 102 9.68x 107  7.082x 107  599x10° 0 0
E reversal vs. SCE/V - - - - 1.86 — 1.81 —1.54
E wave vs. SCE/V -1.34 - 1.30 - 1.26 -1.21 -1.16 - 1.16
0.04. —(1): Without acetic acid the forward scan and can be attributed to the decomposition
_g; 182 m ::z of the cerium acetate complex. This hypothesis is supported
“‘E 0.02 - —:g; 10N'I M HAc / by the absence of this phenomenon on the voltammograms
: 0.00. ——(6):2MHAC _ obtained from cerium chloride solution with and without
> E———— low cerium acetate concentration (see Table 2). In addition,
g -0.02 - no reverse scan is recorded in the cyclic polarization curve
L= 004 (Fig. 3) in the sodium acetate solution at room temperature
E W and pH 8. The cyclic polarization curves obtained with and
g -0.064 @ ) without acetic acid concentration lower than 1072 M also
o 0084 show an electrochemical wave well defined at low concen-
o tration that tends to disappear with increasing the acid con-
0.10 . . . AP S — centration (Fig. 2, Table 2). This wave was reported to result
20 -18 16 14 12 10

Potential vs.SCE/V

Fig.2 Cyclic voltammograms performed at 20 mV s~! in 102 M
CeCl; without (at pH 6) and with different acetic acid (HAc) concen-
trations (at pH 8) and room temperature

solution pH. This result indicates the transfer of one elec-
tron that confirms that acetic acid does not influence the
mechanism of the electrodeposition. To confirm the non-
influence of acetic acid addition on the mechanism, cyclic
polarization curves were recorded in the CeCl; solution
with different concentrations of acetic acid (Fig. 2). It can
be clearly observed that the voltammograms recorded in the
solution without acetic acid and with less than 10 M pre-
sent a uniform hysteresis that becomes more significant with
increasing acetic acid concentration. However, above 102 M
of acetic acid, reversal points between the forward and the
reverse scan are observed at — 1.86, — 1.81, and — 1.54 vs.
SCE/V for 0.1, 1, and 2 M acetic acid, respectively (see
Table 2). This electrochemical behavior is characterized by
a low current density compared to the one observed during

from the reduction of oxygen or of Ce(IV) species [15].
Based on the UV results(Fig. 4), the increase of acetic
acid concentration brought about the disappearance of the
absorption peak at~300 nm that corresponds to the Ce**
ions [5, 37] and the appearance of a new absorption peak
appeared at 205 nm attributed to the of acetic acid [38].
Therefore, no free Ce** species seems to be available in
the solution. In addition, while the peaks of Ce*t at 211
and 221 nm [5, 39] remain unchanged, the ones located at
247 and 260 nm shifted slightly towards higher wavelength,
which suggests complexation in the form of cerium acetate.
The influence of acetic acid on the surface morphology of
the coating surface is displayed in Fig. 5. It can be observed
that the electrodeposits obtained from the equimolar mixture
appear compact, are less cracked and cover the whole of
the exposed surface compared to other concentrations. Con-
versely, the coating coverage seems weak at high acid con-
centrations, which agrees with the shift of the electrochem-
ical potential towards the values of the substrate (Fig. 1).
The surface morphology of the coatings was also examined
by SEM (Fig. 6). No significant difference was observed
between the deposits obtained from a solution containing

Table 2 Electrochemical parameters obtained from voltammograms recorded in CeCl; solution with different acetic acid concentrations at room

temperature and pH 8

[CH3COOH] (M) 0 1073 1072 0.1 1 2

pH 6 8

E reversal vs. SCE/V - - - - 1.86 - 1.81 - 1.54
E wave vs. SCE/V —1.34 —1.30 -1.26 -1.21 - 1.16 - 1.16
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Fig.4 UV-Vis absorption spectra of 1072 M CeCl, without (at pH 6)
and with different acetic acid concentrations at pH 8

only CeCl; and the equimolar mixture of cerium salt and
acetic acid. In addition, some clusters of cerium oxide par-
ticles appear on the top of the coating [15, 21, 40, 41].

The coating parameters such as thickness, grain size,
average roughness, and the volume of matter are summa-
rized in Table 3 based on the surface examination by the
white light interferometer (WLI). The results show a sig-
nificant drop in the abovementioned coating properties with
the increase of acid concentration above 1072 M, which is
consistent with the electrochemical and solution analysis
results. Indeed, the Ce amount (at.%) decreases steadily with
the increase of the acetic acid concentration and is in line
with the decrease of average coating thickness and rough-
ness revealed by optical profilometry. This may be due to

the partial dissolution of the substrate during the formation
and the growth of the coating as shown in a previous work
in cerium nitrate baths [26]. The decrease of grain size with
increasing acid concentration can be related to the smooth-
ening effect of acetic acid [20, 42].

3.2 Effect of bath temperature

Figure 7 shows the deposition curves obtained from equimo-
lar mixture at pH 8 and at bath temperatures between 25 and
55 °C. It can be observed that the substrate potential values
reached in the deposition solution at 25 °C show a faster
drop in potential and subsequent stabilization that indicate a
better deposition of cerium hydroxide. However, the increase
of the bath temperature above 25 °C seems to considerably
slow down the electrodeposition process by reducing the
amount of dissolved oxygen in solution (Table 4). This in
turn affects the generation of hydroxyl ions (Eqs. (2) and
(3)) and the subsequent precipitation of cerium hydroxide
species (Eq. (4)).

0,+ 2H,0 + 4e~ - 40H" )
O,+ 2H,0 + 2¢” - 20H™ + H,0, 3)
4Ce** + 0,+ 40H™ + 2H,0 — 4 Ce(OH)}* @)

The polarization curves shown in Fig. 8 at different tem-
peratures show that the increase of temperature changes the
shape of the curves, lowers the hysteresis, and increases their
slope towards the cathodic potentials (predominance of the
HER) indicating that the surface coverage is less significant
at high temperatures as opposed to the single and continuous
variation of the potential versus time that characterizes an
even deposit [43].

These electrochemical results were confirmed under
the SEM micrographs (Fig. 9). The coverage of the depos-
its prepared from the equimolar solution at pH 8 and
— 1.5 mA cm™? for 20 min clearly decreased with the
increase of bath temperature, which is accompanied with a
decrease of the Ce content in the deposits (Table 5). Moreo-
ver, increasing the bath temperature induced a morphology
change of the coating from needle-like to a rosette-shaped
structure. This may be due to a strong oxidation of Ce*
to Ce** species and to the degree of coating dehydration
causing the destruction of the H-bonds [21, 44—47]. Nev-
ertheless, there appear to be sheet areas rich in zinc and
which confirm that the electrogalvanized steel is partially
dissolved. Therefore, the porosity rate was calculated from
the results of the potentiodynamic polarization using Eq. (5)
[48-50]:
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Fig.5 Optical images (x200) of the deposits obtained at — 1.5 mA cm™2 for 20 min in 10 M CeCl, without (pH 6) and with different acetic

acid concentrations at pH 8

R
%P = (-2 x10"(4Ex/A) x 100, ®)
RP

where R, and R, are, respectively, the polarization resist-
ances of the untreated and chemically treated samples;
AE, . is the difference between the corrosion potentials of
the untreated and chemically treated samples. f3, is referred
to the slope of the anodic Tafel line derived from the polari-
zation curves. R, and g, derived from the polarization
curves for untreated samples are 66 Q cm™2 and 46 mV/
dec, respectively.

The calculated porosity values of the coatings grown at
different bath temperatures to be exposed to corrosion in
0.5 M NaCl are shown in Table 6. The temperature increases
up to 45 °C induced a decrease in the polarization resist-
ance and an increase in the porosity of the coatings. This
result can be discussed on the basis of an increase in cracks
which are mainly associated with the formation of gas bub-
bles (hydrogen evolution reaction) during the electrodepo-
sition process. However, for the coating obtained at 55 °C,
the higher porosity value (54%) would suggest a very low
surface coverage. This may be due either to the important
reduction in the electrodeposited cerium hydroxide amount
(see Fig. 7) and to the hydrogen evolution reaction indicated
by the high cathodic current density value reached at — 2 vs.
SCE/V (Fig. 8).

@ Springer

To confirm this behavior, the surface morphology of the
samples was examined by a white light interferometer (WLI)
measurements and the results are presented in 2D images as
shown in Fig. 10 and the calculated parameters of the film
are gathered in Table 7. The WLI images clearly show that
the average thickness of the film decreases with increas-
ing bath temperature. It is also noticed that the darker the
color of the area or spots in the 2D images, the thinner the
deposit, i.e., the black areas are thus attributed to the surface
of the substrate. The increase in average roughness values
calculated with the FRT Mark III software (Table 7) can be
attributed to the formation of a thin or a heterogeneous film
on the surface of the substrate [51]. Moreover, it seems that
the increase of the bath temperature increases the grain size
of the obtained deposits which may be due to the formation
at high bath temperature of a deposit rich in cerium oxide
contrary to the deposits obtained at low bath temperature
which is rich in cerium hydroxide [27, 50].

3.3 Comparative study of the electrochemical
properties

To assess the coating corrosion protection performance, the
electrochemical behavior of the coatings obtained from lin-
ear polarization, Tafel plots, and electrochemical impedance
spectroscopy in the equimolar mixture at pH 8 (formed at
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Fig.6 SEM images of the deposits obtained at — 1.5 mA cm™2 for 20 min in 102 M CeCl, without (pH 6) and with different acetic acid concen-

trations at pH 8

Table 3 Content of Ce (at.%) (EDS analysis) and surface parameters
calculated by using FRT MARK III of the ceria-based coatings pre-
pared at — 1.5 mA cm™2 from 10~ M CeCl, with different concentra-
tions of acetic acid at pH 8 and at room temperature

[CH;COOH] (M) [Ce] (at.%) Thick- Grain  Roughness (um)
ness S1ze
(um) (nm)

Without 354 6.4 23 0.43

1073 359 6.3 21 0.42

1072 36.5 6.2 19 0.41

107! 16.2 5.4 20 0.34

1 139 5.2 12 0.25

2 10 5.1 11 0.24

25 °C), from bath without acetic acid addition at pH 6, and
the untreated substrate as reference was evaluated in 0.5 M
NaCl solution.

Figure 11 shows the polarization curves of the untreated
and treated samples and the calculated parameters, i.e., cor-
rosion potential (E,,,), polarization resistance (R,), anodic
and cathodic Tafel slopes (3, and $.) and corrosion current
density (/,,,,) are gathered in Table 8. It was observed that
both the anodic slope increased slightly while the cathodic
slope decreases markedly with the treatments (acetic acid
and equimolar mixture). However, the displacement of
the corrosion potential towards cathodic values suggests
a mixed-type inhibition mechanism. From the corrosion
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Fig. 7 Evolution of the potential with time of the substrate performed

at — 1.5 mA cm~2 in equimolar mixture at pH 8 and at different bath
temperatures

Table4 Soluble oxygen concentration in the deposition solution
measured at different bath temperatures

Bath temperature (°C) 15 25 35 45 55

0, solubility (mg L) 10.06 8.26 6.91 5.94 5.10

o 04
£
(&)
E 2
s ——(1):25 °C
= ——(2): 35 °C
g (3): 45 °C
- -4 —— (4): 55 °C
t
E |
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Fig.8 Cyclic voltammograms performed at 20 mV s~! for the sub-
strate in equimolar mixture at pH 8 and room temperature
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current densities, it is also noted that both coatings inhibit
the corrosion process but the equimolar mixture is more
effective where the I . is decreased by 3 and 9 times com-
pared to the coating prepared without acetic acid and the
untreated substrate, respectively. As expected, the decrease
of the /.. and conversely, the increase of the polarization
resistance let us to conclude that both coatings act as physi-
cal barrier for the mass and charge transfer providing a high
degree of corrosion resistance.

To obtain further mechanistic information, EIS meas-
urements were carried out in 0.5 M NaCl solution at room
temperature in the frequency range between 10° and 0.1 Hz.
The samples were set in the test solution for 30 min to attain
steady state of the potential. Both Nyquist and Bode dia-
grams are presented in Fig. 12 for equimolar ceria coated
and non-coated (electrogalvanized steel). A first depressed
semi-circle followed by a second one non-completely
defined are observed in Nyquist diagram (Fig. 12a). Such
result would suggest two time constants that can be con-
firmed through the presence of two peaks in Bode phase
angle diagram (Fig. 12b). However, the second time con-
stant is not well defined in the case of equimolar ceria coat-
ing which may need to extend the frequency range scan to
1072 Hz. The comparison of uncoated and coated samples
shows a slight increase of phase angle of the first time con-
stant and its shifting toward high frequencies for the equimo-
lar ceria coating. Similar findings were obtained by Ferreira
et al. [52] when applying ceria and silane pre-treatment on
hot-dip galvanized steel. This observation associated with
the increase of low-frequency impedance supports a protec-
tive process reducing the corrosion rate which is in line with
potentiodynamic findings.

The EIS plots (Fig. 12) were analyzed using the Zview
software with a proposed equivalent electrical circuit shown
in the same figure. The equivalent circuit consists of two
time constants with R, and R representing the coating and
charge transfer resistances, respectively. CPE; and CPE,
(constant phase element) are the non-ideal double layer and
the coating capacitance, respectively. As supported by the
findings of surface characterization, the inhomogeneity of
the surface is fixed during EIS fitting by the use of CPE and
non-linearity coefficient (0 <n < 1). The use of the CPE is
dictated when a dispersion of the capacitive loop (depressed
semi-circle) is observed. For galvanized steel in NaCl solu-
tion, several authors [35, 52—-54] obtained two time con-
stants. The first one appeared at intermediate frequencies
followed by another at low frequencies (LF). The latter was
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Fig.9 SEM images for the deposits obtained at — 1.5 mA cm™2 from equimolar mixture at pH 8 and at different bath temperatures

Table5 EDS analysis of the surface of the deposits obtained at
— 1.5 mA cm~2 during 20 min and at different bath temperatures

Bath temperature (°C)

15 25 35 45 55

Ce (at.%) 13.3 18.7 8.2 6.2 5.7

Table 6 Electrochemical parameters and porosity values of the coat-
ings obtained at different bath temperatures

Bath temperature R, (Qem™) AE . vs.SCE/ P+0.5(%)
°C) mV

25 130 75 1

35 86 57 4

45 71 51 7

55 67 12 54

related to the oxide layer formed, as also observed in the
present study. However, for the cerium oxy-hydroxide elec-
trodeposits, two contributions can be observed: (i) one in
the higher frequency range corresponding to the response of
the conversion layer response and (ii) another one in the low
frequency range associated with the corrosion process of the
whole material as discussed in the previous works [55, 56].

Table 9 shows the increase of R values for the coated
samples confirming an increase of the corrosion resistance
of the substrate. Moreover, the decrease of the double-layer
capacitance may result from the relatively lower constant
dielectric of the coating due to water uptake [10, 57]. It is
also noted that the coating resistance is higher when formed
in equimolar mixture at pH 8 up to 4 times than the uncoated
galvanized steel.

Based on the electrochemical results and surface mor-
phology observation, the beneficial behavior of the coating
obtained from the equimolar mixture at pH 8 compared to
that obtained at pH of 6 is mainly attributed to the decrease

@ Springer



576

Journal of Applied Electrochemistry (2021) 51:567-580

Fig. 10 WLI (white light
interferometer, two dimensions)
images of the surface morpholo-
gies for the coatings obtained at
— 1.5 mA cm™2 from equimolar
mixture at pH 8 and at different
bath temperatures

Table 7 Surface parameters of ceria-based coating obtained on elec-
trogalvanized steel from 0.01 M CeCl; and 0.01 M acetic acid at pH 8
and at different bath temperatures

Bath tem- Average thick- Grain size (nm) Roughness (um)
perature (°C) ness (um)

25 6.16 19.1 0.41

35 6.1 23 0.43

45 5.75 18.02 0.479

55 5.37 37 0.52

2
1 4
< 0
£
3]
< 11
£
=
5 2+
K]
_3 -
e (1): Untreated substrate
4 4 = (2): Without acetic acid addition
=== (3): Equimolar mixture
5 T T T T T T d T T T T T
-1.4 -1.3 -1.2 -1.1 -1.0 -0.9 -0.8

Potential vs.SCE/V

Fig. 11 Potentiodynamic polarization curves for the untreated and
coated substrate in 0.5 M NaCl solution and room temperature
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of the porosity and cracks of the deposits and the absence
of corrosion products. Both the coating defects and the cor-
rosion products are believed to be induced particularly by
the hydrogen evolution during electrodeposition process.
Indeed, it has been shown in previous work [35] that for
lower pH solution or outside the zinc immunity area (defined
in Pourbaix Diagram), the substrate dissolution can occur
just after immersion of the electrode in the electrodeposition
bath leading to the formation of corrosion products under
the formed coating, which can strongly alter the adherence
and the stability of the obtained electrodeposits. To this
end, XRD patterns were performed to identify the crystal-
lographic structure for both coatings (Fig. 13). The results
of the various analyses performed on the CeO, precipitate
obtained from equimolar mixture and NaOH are presented in
Fig. 13a. The XRD pattern is typical of ceria (CeO,) JCPDS
004-0593) as reported in literature [58]. The pattern of the
coating obtained from CeCl; solution at pH 6 (Fig. 13b)
shows clearly the peaks of CeO, and Zn (JCPDS 004-0831).
However, the crystal planes (004) and (028) that diffracted at
about 10.5 and 41°, respectively, are attributed to Zn(OH),
0.5H,0 according to the JCPDS 020-1436 card.

In CeCl; solution at pH 6, the substrate could be exposed
to partial dissolution leading to the generation of Zn>* where
just after polarization the released species may react with the
OH" species generated at the interface to form zinc hydrox-
ide according to reactions (6) and (7):
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Table 8 Polarization parameters
of untreated and coated

Substrate

E oy vs. SCE/mV R, (Qcm™) f,(mV) S,

(mv) I

corr

(WA cm™?)

substrate in 0.5 M NaCl solution Untreated substrate

— 1085.69 162
—1147.06 357

46.0
62.9

193.4
103.9

110.
43.

25
93

Without acetic acid addition (pH 6)

Equimolar mixture (pH 8)

—1170.00 1300 72.4

89.8 12.

40

120 -

Zn — Zn** + 2e”

(6)

——(1): Untreated substrate (@)
(2): Equimolar mixture
—a— (3): Without acetic acid addition

100 -

=)
o
&

-Zim/ Ohm cm™
=Y (=]
IQ o
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40 -

- Phase/deg

Log (f/Hz)

Fig. 12 Electrochemical impedance spectroscopy diagrams for the
untreated and coated substrate in 0.5 M NaCl solution and room tem-
perature

Zn** + 20H™ — Zn(OH), (7

It can be remarked that this corrosion product was not
observed on the pattern of the coating obtained from equi-
molar mixture at pH 8, which indicates that the coatings are
free from corrosion products and are then more stable and
more protective against corrosion.

4 Conclusions

Ceria-based coatings were obtained on electrogalvanized
steel by cathodic electrodeposition from cerium chloride at
basic pH solution where acetic acid was added to form an
unbounded complex and to prevent cerium hydroxide pre-
cipitation in the solution. The electrochemical results have
shown that high acetic acid concentrations seem detrimental
to the coating formation. However, an equimolecular (ace-
tic acid/cerium chloride) mixture at pH 8 results in smooth
coatings and with a smaller grain size than to the ones
obtained at pH 6. Moreover, the increase of the temperature
from 25 to 55 °C resulted in lower cerium contents in the
deposits but with a change of coating morphology from nee-
dle-like to a rosette-shaped structure and a marked decrease
of the porosity. The coating surface parameters estimated by
white light interferometry show that by increasing the bath
temperature, the average thickness of the coating decreases
while the surface roughness and the grain size increases. All
these results were supported by the XRD spectra showing
the absence of corrosion products on the coating obtained
at pH 8, which allows us to conclude the superior quality of
this coating compared to those obtained at pH 6. This was
confirmed through d.c polarization and EIS measurements
on both coatings in NaCl solution. High corrosion protection
was thus obtained for the coating prepared from equimolar
mixture at pH 8 and at room temperature.
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Table 9 Fitting results of EIS data for untreated and coated substrate in 0.5 M NaCl solution

Substrate

Electrochemical parameters

R, (Q cm?)

CPEy (mF  ny

S(n—l

Jem™?)

R, (Q cm?)

CPEc

(mF s"! cm™?)

R. (Q cm?)

XZ

Untreated

Without acetic acid addition

Equimolar mixture

4.17
4.14
4.08

0.78
0.41
0.38

0.69
0.64
0.74

44.19
68.42
93.39

0.087
0.17
0.048

0.47
0.60
0.40

54
168
235

2% 1073
8 x 107
8 x 107

{111)

(a)

(220)

Intensity/ a u
— —
o [,
o o
(200)
@311)

j

0 : . . ‘ ;
10 20 30 40 50 60 70 80 90
2 theta/ deg

600

*: CeO, (b)
o:Zn)
+:Zn(0OH),)

Intensity/ a u

N

10 20 30 40 50 60 70 80 90
2 theta/ deg

0

Fig. 13 XRD patterns of a the precipitate obtained with alkaliniza-
tion of equimolar mixture and b the ceria-based coatings prepared at
— 1.5 mA cm™2 and room temperature from equimolar mixture at pH
8 (top) and from 102 M CeCl; at pH 6 (bottom)
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