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The dissimilarities of the composition, crystal structure, and corrosion resistance of ZnAl hydrotalcite (ZnAl-HT)
conversion films grown “in situ” on electrogalvanized (EG) steel substrate were investigated for different Al**/
Zn>* ratios at pH 12. The corrosion behavior of all conversion films in 0.1 M NaCl was compared through
electrochemical techniques. The composition, morphology, structure, and thickness of conversion films with
different AI**/Zn%" ratios were characterized by Fourier-transform infrared spectroscopy (FT-IR), scanning
electronic microscopy (SEM), and electron microscopy/energy dispersive X-ray spectroscopy (SEM/EDS), and X-
ray diffraction (XRD). The polarization curves indicated that the ZnAl-HT films provided anodic inhibition for EG
steel and the inhibition efficiency of the ZnAl-HT conversion films increases sharply with decreasing the AI>*/
Zn?* ratios from 5/1 to 5/3, while, for the 5/4 and 5/5 ratios, the corrosion resistance of ZnAl-HT conversion
films showed a downward trend after two immersion hours. However, the corrosion behavior of HT conversion
films with the A13*/Zn?" ratios from 5/3 to 5/5 remained stable for a longer immersion time. The protection
performance of the ZnAl-HT films can be attributed to the barrier effects, ion-exchange competitive adsorption of

chloride ions, and protective deposition of ZnO on the EG steel surface.

1. Introduction

Carbon steel with cost-effectiveness, easy processing, and high me-
chanical properties are predominantly used in large fields such as
metallic structures, buildings, bridges, household appliances, transport
sectors, and so on [1,2]. The main disadvantage of carbon steel is its
poor corrosion resistance, which remains a major issue for ecological
safety and economic development. In industries, the most common
means for protecting steel against corrosion is cathodic protection.
Among the different ways of cathodic protection, the zinc sacrificial
layer is the most used for steel [3,4]. Nevertheless, unlike other active
light metals as Ti and Al, zinc alloys cannot form a spontaneous passive
oxide film for avoiding the substrate being exposed to corrosive envi-
ronments [5]. So that, a lot of surface modification methods such as
chemical conversion coatings [6-9], polymer coatings [10,11], and

silane coatings [12,13], were developed for application on zinc and
galvanized steel surfaces to block the penetration of the corrosive spe-
cies to the substrates. Among these different protective films and coat-
ings, hydrotalcites are more and more investigated [6-8].
Hydrotalcites (HTs) are anionic clays with a highly tunable brucite
structure [14]. Although natural hydrotalcite was discovered in Sweden
around 1842, this compound was firstly synthesized in the lab by Feit-
knecht in the next 100 years [15,16]. They have a chemical formula of
M2 M3 H(OH) ] [A™Ix/n-mH20, where M2t and M3* represent
divalent (e.g., Mg?t cu?*, Mn2*, Ni%* or Zn?") and trivalent metallic
cations (e.g., AI*T, Cr3t, Fe®t, In®*, Mn®* or Ga®"), respectively, and the
A™ exchangeable anions are intercalated in the interlayer region for
charge balance [17,18]. Also, x indicates the molar ratio of M3/t +
M3h), its value ranges from 0.20 to 0.33, and m indicates the water
content in the hydrotalcite interlayer [18]. Hydrotalcites have the merits
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Table 1

The conditions of treatment solutions used for the preparation of ZnAl-HT
conversion films at room temperature with the different AI**/Zn*" molar ra-
tios on EG steel substrate.

No. Sample  Concentration (M) Time of the Synthesis pH
Al 7n ?E;ng solution time (h)
(NO3)3 (NO3)>
1 HT 5/1 0.05 0.01 6 16 12.0
2 HT 5/2 0.05 0.02 6 16 12.0
3 HT5/3  0.05 0.03 6 16 12.0
4 HT 5/4  0.05 0.04 6 16 12.0
5 HT 5/5 0.05 0.05 6 16 12.0
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Fig. 1. XRD patterns of the EG steel substrate and the ZnAl-HT conversion films
with the different A1>*/Zn*" molar ratios. Peaks marked with @ are contributed
to ZnAl-HT, ¢) and * are due to Zn and Fe, respectively.

Table 2
The indexing of XRD for the ZnAl-HT conversion films with different A1>*/Zn**
molar ratios on EG steel substrate.

Parameter (nm) HT5/1 HT5/2 HT5/3 HT5/4 HT5/5
d(003) 0.760 0.761 0.760 0.762 0.760
d(006) 0.378 0.379 0.378 0.379 0.379
d(110) 0.173 0.173 0.172 0.172 0.172
Lattice parameter a 0.345 0.345 0.344 0.344 0.344
Lattice parameter ¢ 2.279 2.282 2.279 2.285 2.280
Crystallite size d 29.504 42,983  34.672  40.080  35.846
(003)/(006) peak height 5.743 5.291 5.433 4.729 4.522

ratio

of diversity in compositions, novel structure, and exceptional anion-
exchangeability [19]. Hydrotalcites with anion exchange capacity are
used as inhibitor containers for protection against corrosion of metals
and alloys [20,21]. Moreover, they can directly grow on metal substrates
and form a protective film with strong adhesion by simple synthesis
methods. [17,22]. Recently, the “in situ” method has been investigated
for the fabrication of the conversion films on metal substrates.

Uan et al. were the first to prepare MgAI-HT films on AZ91 Mg alloy
by an “in situ” growth technique in HCO3~/CO3%~ solution at different
times and pH values [23-25]. After 72 h of salts spray test, they did not
observe obvious corrosion on Mg substrates with treatment. Zhang et al.
fabricated MgAI-HT films on the AA5005 aluminum alloy by hydro-
thermal treatment at various reaction times and pH solutions [26]. They
showed that prolonging the crystallization time improved the
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Fig. 2. FT-IR spectrum of the ZnAl-HT conversion films with the different AI>*/
Zn*" ratios.

deposition, the protection performance of the obtained MgAIl-HT films,
and the optimum pH solution was 10. In alkaline solution, the zinc alloys
can provide the Zn?" cations, so the HT conversion films have already
been grown “in situ” on zinc and galvanized steel substrates [6-8].
Buchheit et al. [6] firstly prepared carbonate intercalated ZnAl-HT films
on hot-dip galvanized steel by dipping the substrate in a high alkaline
sodium aluminate solution. Later, Hoshino et al. [7,8] also used this
method to synthesize ZnAl-CO3 HT films on EG steel and investigated
the effect of the solution pH on HT films formation. They indicated that
the solution pH affected the thickness, microstructure, compositions,
and protective properties of the ZnAl-HT conversion films. Besides, the
ZnAl-NO3 HT film was grown “in situ” on zinc substrate. The zinc sub-
strates were dipped in a mixture of AI(NO3)3 and NaNOg solutions at pH
3.2 and 90 °C [27,28]. However, the appeared cracks on the HT films,
and the heterogeneous ZnAl-NOs HT films reduced their protective
properties.

Very recently, the process of hydrotalcite formation and anti-
corrosion by the ZnAl-HT coatings on galvanized steel have been star-
ted to be investigated [6-8]. However, the optimal conditions for the
preparation of ZnAl-HT conversion film on EG steel have not yet been
fully characterized. The change of metal cation's size, the charge, and
the ratios could lead to modification of charge and orientation of anions,
and, the relative amount of intercalated water, which affect the crystal
structure parameters of HTs, bond strength, and anion exchange ca-
pacity [29-31]. In addition, Asl et al. fabricated and characterized HT
coatings with different M3*/M?" ratios on magnesium alloy [32]. They
indicated that the M3*/M2" ratios affected the shape and the size of HT
crystals, as well as the crystallinity and anti-corrosion of HT films.

Therefore, this work aims to study the role of the Al/Zn ratios in
controlling the morphology, structure, and protection properties of the
ZnAl-HT conversion films grown on EG steel. The ZnAl-CO3 HT con-
version coatings were performed on the EG steel substrates using the “in
situ” method. The samples were immersed in mixture solutions of Al
(NO3)3 and Zn(NO3), at pH 12. The obtained ZnAl-HT conversion films
were characterized using XRD, FT-IR, SEM, and EDS. The protection
performance of all ZnAl-HT films was evaluated by electrochemical
methods. The action mechanisms of these HT films were also discussed.

2. Experimental method
2.1. Materials

The studied substrate was electrogalvanized (EG) steel. The AISI
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Fig. 3. SEM images of the EG steel substrate (a, b) and the ZnAl-HT conversion films with the different AI%*/Zn?* ratios 5/1: (c, d), 5/2 (e, f), 5/3 (g, h), 5/4 (i, k),

and 5/5 (1, m).

Table 3
Element contents obtained from the EDS results of the original substrate and HT
conversion films with the different AI**/Zn?" ratios.

Sample Element content (wt%) Atomic ratio Al/Zn
Zn Al [¢] C

Blank 97.1 - 1.8 1.1 -

HT 5/1 46.7 9.8 41.6 1.9 0.51

HT 5/2 44.0 13.5 41.2 1.3 0.75

HT 5/3 45.6 10.6 42.5 1.4 0.56

HT 5/4 47.2 9.4 42.1 1.3 0.48

HT 5/5 50.5 8.7 39.5 1.3 0.42

4337 steel samples (25 x 32 x 2 mm) were cleaned by dipping in ATF
SYSTOCLEAN 507 solution at current density (cathodic) of 30 mA-cm—?
for 3 min, rinsed with deionized water, and immersed in a mixture
H2S04/HCI 10% solution for 1 min before zinc electroplating. Two Pt-
coated titanium counter electrodes were used for the electrodeposition
process. The zinc electroplating was carried out in a bath containing
221.42 g ZnSO4-7H,0 dissolved in 1000 mL deionized water. The pH of
the solution was adjusted and maintained at 2 by adding 0.1 M HsSOy4.
The electrolysis was conducted at a direct current density of 50
mA-cm 2 at 40 °C for 11 min. The cross-sectional microstructure anal-
ysis of the specimens was carried out using Hitachi SU8020 FE-SEM. The
layer was composed of pure zinc with a thickness of 8.50 pm. Before the
synthesis experiment, the substrates were cleaned using a commercial
alkaline solution Gardoclean (10 g/L) for 30 s, further washed several
times with deionized water, and dried in cool air. The roughness of the
zinc deposit was determined by optical profilometry using NanoJura
device. Three measurements were performed on a 4 mm length scanned
with 100 pm/min. The R, value of the bare electrocoated sample was
1.3 £ 0.2 pm.

Aluminum nitrate nonahydrate AI(NO3)3-9H,0 was purchased from
Sigma Aldrich and zinc nitrate hexahydrate Zn(NO3),-7H20 was pur-
chased from Fluka, while ethanol, sodium chloride, and sodium hy-
droxide were supplied by VWR.

2.2. Experimental details

The ZnAl-HT films were prepared by the “in situ” growth method on
the prepared EG steel substrate. In the typical synthesis, 0.05 mol Al
(NO3)3 and 0.2 mol NaOH were dissolved in 1000 mL degassed distilled
water and stirred for 15 min to form a homogeneous solution. Zn(NO3)2
was added to this mixture solution in a concentration range from 0.01 to
0.05 M (Table 1). The pH of the mixed solution was adjusted at 12 by the
addition of 1 M NaOH solution as needed. The test specimens were
immersed in the prepared solutions and stirred for 6 h, after which these
substrates were kept in immersion in the selected solutions without
stirring for 16 h. The synthesis was performed at room temperature.
After the reaction, the substrates were rinsed several times with deion-
ized water, ethanol and dried at 70 °C for 2 h in an oven.

The cross-section of all samples was prepared by sample epoxy
embedding (Epoxy fix resin supplied by Stuers). Before characterization,
the surfaces of samples were ground with 400, 800, 1200, 2000, and
4000 SiC papers, respectively, and cleaned with water and ethanol
before drying with cold air.

2.3. Characterization and electrochemical measurements

2.3.1. Characterization techniques

The crystalline structure of ZnAl-HT films was investigated by X-ray
diffraction (XRD, Bruker D5000) with CoKa radiation (A = 0.1789 nm)
and Fe filter with a step of 0.02° and a scanning rate of 1°/min in the 26
range from 10° to 70°.

The obtained ZnAl-HT films were characterized by Fourier-transform
infrared spectroscopy (Bruker IFS 66 v/S) in ATR working mode, in the
wavenumber range from 500 to 4000 em™! at room temperature.

The morphology, thickness, and elemental composition of ZnAl-HT
conversion films were determined via a field emission scanning elec-
tronic microscope (FE-SEM, Hitachi SU8020) with an energy dispersive
X-ray spectrometer analyzer (EDS, Thermo Scientific Noran System 7).



T.T. Pham et al.

S um: Sum

Surface & Coatings Technology 429 (2022) 127948

¢)

S um S um
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Fig. 5. XRD patterns of the EG steel substrate and the ZnAl-HT pretreated EG
steel samples for the different A1>*/Zn?" ratios after immersion in 0.1 M NaCl
for 24 h. Peaks marked with @ are related to the ZnAl-HT, o are attributed to
ZnO, {) and * are due to the Zn and Fe, respectively.

2.3.2. Electrochemical measurements

The electrochemical measurements were performed in 0.1 M NaCl
solution using a Parstat Model 2273 controlled by Powersuite® soft-
ware. A classical three-electrode system, which consisted of a large
platinum counter electrode, an Ag/AgCl (sat. KCI) reference electrode,

and electrogalvanized steel samples as working electrodes with an
exposed area of 1 cm? was used. The electrolyte was a solution of 0.1 M
NaCl. EIS spectra were determined in a frequency range from 100 kHz to
10 mHz with 50 points using a 5 mV peak-to-peak sinusoidal voltage by
Parstat 2273. Each experiment was done at least three times. Potentio-
dynamic polarization curves were carried out after 24 h of exposure in
0.1 M NaCl. The sweep rate was 0.2 mV s . The scan was performed
starting from 30 mV below OCP in the anodic direction.

3. Results and discussion

3.1. Structure, morphology, and elemental analysis of the ZnAl-HT
conversion films with different AP /Zn?* ratios

Fig. 1 shows the XRD spectra of the ZnAl-HT conversion films
developed on the EG steel substrate for the AI**/Zn?* molar ratios
ranging from 5/1 to 5/5. Four dominant peaks from the zinc layer were
located at 42.48°, 45.72°, 50.76°, and 64.08°, which correspond to Zn
(101), Zn(102), Zn(103), and Zn(110) planes, respectively (JCPDS No.
00-004-0831). The peak around 52.44° corresponds to Fe coming from
the EG steel substrate (JCPDS No. 00-006-0696). Besides the peaks from
the etched EG steel substrate, spectra of ZnAl-HT conversion films pre-
sented other characteristic peaks of hydrotalcites. The identical peaks at
around 13.60°, 27.30°, and 40.50° corresponding to the (003), (006),
and (012) reflections were characteristic of the layered structure of
hydrotalcite. This indicates that the prepared HT films presented the
expected crystallinity. The patterns displayed evidence of the unique
presence of ZneAl;2(0OH)16(CO3%7)-4H,0 HT (JCPDS No. 00-038-0486).
In the reaction forming HT coating, CO32~ anion can be provided from
the air [7,8].

CO,(g) +20H™—»CO05*~ +H,0 @
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Fig. 6. XRD patterns of the ZnAl-HT pretreated EG steel samples for the different Al®*/Zn?* ratios as 5/1 (a), 5/2 (b), 5/3 (¢), 5/4 (d), and 5/5 (e) before and after

immersion in 0.1 M NacCl for 24 h (the XRD detail from 12° to 15°).

Fig. 7. SEM images of the EG steel substrate (a, b) and the ZnAl-HT pretreated EG steel samples for the different AIP*/Zn?* molar ratios as 5/1 (¢, d), 5/2 (e, £), 5/3

(g, h), 5/4 (i, k), and 5/5 (I, m) after 24 h of immersion in 0.1 M NaCl.

The Zn?" cations could be provided from the Zn metallic coating. The
dissolved Zn®" cations were added to the aqueous Zn(NOj3), salt in the
treatment solution and the dissolution reaction of Zn consisted of two
reactions at the high end of the pH range [8]:

Zn(s) +20H™ —ZnO(s) + H,O + 2e~ 2)

ZnO(s) + H,0 + OH —Zn(OH);~ &)

Therefore, it is reasonable to assume that the following chemical
reactions could occur at pH 12, resulting in the deposition of ZnAl-CO32~
HT films on the EG steel substrate.
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12A1(OH),”~ 4 6Zn(OH);~ 4 CO5>~ + xH,0—Zng Al (OH)g(CO;3)-4H,0 + xOH ™~

The lattice parameters (a, ¢) and the size of ZnAl-HT crystallites were
determined from XRD patterns and presented in Table 2. The lattice
parameter a corresponds to the brucite-like layer and the cation-cation
distance and is calculated by the equation a = 2 x d(110). The lattice
¢ parameter corresponding to the thickness of the interlayer distance is
estimated by the equation ¢ = 3 x d(003) [33,34]. The crystallite size of
HTs can be obtained by applying the Scherrer equation at the strong
characteristic peak (3):

09 xA
" FWHM x cos0

where A = 0.1789 nm is the wavelength of X-rays (Co KOa;), FWHM is
the full width at half maximum in radians, and 0 is the diffraction angle
for (003).

The basal spacing distances of HTs included the thickness of the
brucite-like layer and the interlayer height, so the interlayer height can
be derived by the equation: the interlayer height = d(003) — a [17,35].
The thickness of the brucite layer was around 0.345 nm, so the interlayer
height was approximately 0.415 nm, the interlayer height was larger
than the diameter of COgZ’ anion (about 0.356 nm), it may due to the
arrangement of carbonate anions between the layers [17,36]. The
calculation results indicated that the c values of all samples did not
reveal significant change as the AI**/Zn?* molar ratio decreased, while
the crystallite size tended to increase significantly from 5/1 to 5/2 and
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Fig. 9. Potentiodynamic polarization curves in 0.1 M NacCl of the bare EG steel
substrate and the ZnAl-HT pretreated EG steel substrate samples for the
different AI*"/Zn*" molar ratios.

Fig. 8. EDS maps of the surface of bare substrate (a) and ZnAl-HT conversion films for the different Al3*/Zn?* ratios as 5/1 (b), 5/2 (), 5/3 (d), 5/4 (e) and 5/5 (f)

after immersion in 0.1 M NaCl for 24 h.
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Table 4

Corrosion potential (E.o) and corrosion current densities (icorr) derived from
the polarization measurement of the bare substrate and HT conversion films
with the different A13*/Zn>" ratios.

2:

Sample Ecorr (V/Ag/AgCD) fcorr (Acem™?)
Blank -1.04 2.63 x 107°
HT 5/1 —~1.00 1.64 x 10°°
HT 5/2 ~1.02 0.72 x 107°
HT 5/3 -1.01 0.57 x 107°
HT 5/4 -1.01 0.54 x 107°
HT 5/5 —1.02 0.65 x 107°

did not change much with the other three ratios (Table 2). Moreover, the
increase of the XRD intensity of the ZnAl-HT peaks was observed as the
AI¥*/Zn®" molar ratio decreased from 5/1 to 5/3, however, these
characteristic peaks decreased at other 5/4 and 5/5 molar ratios. The
large difference in cationic radii of Zn?* (0.74 nm) and AR (0.51 nm)
could distort the hydroxide layers networks of the HT crystal, therefore,
the decrease of Al**/Zn* ratios from 5/3 to 5/5 reduced the crystal-
linity of HT [37-39].

Moreover, the ZnAl-HT conversion films were also studied by FT-IR
spectrum (Fig. 2). In the FT-IR spectrum of ZnAl-HT films, the absorp-
tion band at around 3450 cm ™! corresponded to the stretching vibration
of the hydroxyl groups of hydrotalcite layers and crystal water in the
interlayer region. Besides, the absorption band of about 1600 cm ™! can
be assigned to the bending vibration of the intercalated crystal water
[17]. The strong peak at 1356 cm~! can be related to the characteristic
band of asymmetric stretching vibration of the C—O in carbonate anion
present in hydrotalcite [8]. In addition, the peaks at around 770 cm™*

-1000 . . .
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and 540 cm ™! were attributed to the Al—O and Zn—O vibration modes.

The surfaces of all ZnAl-CO32~ HT films highlighted the nano-
hexagonal plate morphology after treatment at all AI3*/Zn?* ratios,
which confirmed that the HT films were formed and almost entirely
covered the substrate (Fig. 3). The inclined growth of ZnAl-HT films
nanoplates at the A1>*/Zn?" ratios were decreased from 5/1 to 5/3 as
observed (Fig. 3d, f, h), while the nanoplates of ZnAl-HT conversion
films at the ratios 5/4 and 5/5 presented an interlaced structure (Fig. 3k,
m). Besides, the crystal size of the ZnAl-HT films tended to increase
slightly as the AI**/Zn?* ratios were decreased from 5/1 to 5/2, but at
the AI%*/Zn®" ratio of 5/3, the crystals showed a marked size reduction
and became more uniform and denser, which was effective for avoiding
the substrate to be exposed to an aggressive environment. The crystals of
ZnAl-HT films showed an upward trend in size and a downward trend in
thickness when the AI>*/Zn?* molar ratios were decreased from 5/4 to
5/5. These changes of ZnAl-HT film's crystals at the AI**/Zn?" ratios: 5/
4 and 5/5 may be detrimental for anticorrosion properties. The EDS
results showed that the ZnAl-HT films were almost composed of Zn, Al,
O, and C elements (Table 3). Because the Zn content of all HT samples
was derived from HT film and the Zn coating of the substrate, the Zn
content did not change too much when reducing the A1**/Zn?* ratios.
The Al content was only contributed from HT films. When the A1>*/Zn%*
ratios decreased from 5/1 to 5/2, the Al content on the surface increased
from 9.8% to 13.5%. This means that the amount and the thickness of
HT 5/2 film formed on EG steel substrate were larger than that of HT 5/1
film. This result was in good agreement with the SEM cross-sections
(Fig. 4a, b). The increase of the Zn?* concentration from 0.03 to 0.05
M did not affect the thickness of HT films (Fig. 4c-e), but it affected the
atomic ratio Al/Zn (Table 3). The decrease of the atomic ratio Al/Zn
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Fig. 10. Nyquist plots of the bare substrate (a) and the ZnAl-HT conversion films with different Al/Zn ratios as 5/1 (b), 5/2 (c), 5/3 (d), 5/4 (e), and 5/5 (f) im-

mersion in 0.1 NaCl for 2 h, 6 h, and 24 h.
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Fig. 11. Bode plots of the bare substrate (a) and the ZnAl-HT conversion films with different Al/Zn ratios as 5/1 (b), 5/2 (c), 5/3 (d), 5/4 (e), and 5/5 (f) immersion

in 0.1 NaCl for 2 h, 6 h, and 24 h.

indicated that the change of AI®*/Zn?* ratios affected the composition
of HT films [38].

Fig. 4 presents the cross-sections and EDS maps of all ZnAl-HT con-
version film samples embedded in resin. Elemental maps of Al, Zn, C,
and O revealed the elemental distribution on the surface of HT films.
Therefore, it can be easily deduced that the ZnAl-HT conversion films
were grown on an EG steel substrate. The change of AI**/Zn?" tended to
lead to a change in the dissolution rate of zinc from the top coating
substrate, the porosity, and the thickness of the HT films. The thick-
nesses of the HT films measured via cross-sectional SEM images were
around 1.1, 5.2, 14.3, 14.0, and 14.0 pm for the HT 5/1, 5/2, 5/3, 5/4,
and 5/5 Al3*/Zn?" ratios, respectively. The thickness of HT conversion
films increased significantly with the decrease of the Al**/Zn?* molar
ratio down to 5/3 and the stability of conversion films thickness was
observed at the remaining ratios. Some gaps which appeared in the
cross-section of HT films were observed from SEM surface morphology
images at lower magnifications (Fig. 3). It appears that the porosity of
the HT 5/3 and HT 5/4 conversion films was higher than those of the
other three samples, which coincided with the obtained results from
SEM images of the sample surfaces (Fig. 3).

The variation of the concentration in Zn?' in solution did not

significantly affect the structure of the ZnAl-HT films. Nevertheless, the
variation of the Zn?" concentration can modify the dissolution reaction
of the zinc layer, the conversion film's thickness, and its porosity. When
the zinc ions were provided by the solution, the thickness of the HT layer
was increased but an optimal value was required to lead to a more
uniform and compact layer.

3.2. Characteristics of the ZnAl-HT conversion films with different A"/
Zn?* ratios after immersion in 0.1 M NaCl for 24 h

The XRD patterns of the bare substrate and the ZnAl-HT pretreated
EG steel samples for the different A1>*/Zn?* molar ratios after immer-
sion in 0.1 M NaCl for 24 h are shown in Fig. 5. Compared with the bare
substrate, ZnO peaks appeared on the immersed samples, in addition to
those of the EG steel substrate (JCPDS No. 00-036-1451). The XRD
analysis revealed the ZnO crystalline phase, implying the occurrence of
corrosion on the EG surface [40]. It is worth noting that the character-
istic peaks of ZnAl-HT conversion films for the different AI**/Zn%*
molar ratios on EG steel substrate still existed after 24 h immersion test,
but the intensity and sharpness of these ZnAl-HT peaks slightly
decreased. The 260 values of peaks corresponding to the (003) face of
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Fig. 12. Equivalent circuits used for fitting the electrochemical impedance diagrams.

Table 5
Results of fitting EIS diagrams and |Z|;omp; Values for the bare substrate and HT films with the different A1>*/Zn?" ratios with immersion time.
Sample R CPEq np Ra CPEg, npy Rp CPEg n Rp 1Z]10 mmz
(Q-cm?) Q@ Ls"em?) (Q-em? @ ts"em?) (Q-cm?) @ Ls"ecm?) (Q-cm?) (Q-em?
Blank-2h 162 1.49E-05 0.93 878 - - - 1.10E-03 0.9 896 1123
Blank-6h 161 5.30E-05 0.94 995 - - - 2.20E-03 0.9 821 1845
Blank- 160 - - - - - - 1.47E-04 0.87 874 688
24h
HT51-2h 180 3.11E-05 0.71 54 1.02E-04 0.79 2592 1.95E-03 0.9 2996 5031
HT51-6h 136 3.00E-04 0.64 83 2.96E-04 0.75 1316 6.92E-03 0.9 954 2031
HT51- 181 7.19E-06 0.88 44 2.30E-05 0.9 835 2.28E-03 0.9 933 1550
24h
HT52-2h 176 4.67E-05 0.55 81 5.05E-05 0.52 5147 9.30E-04 0.9 5531 9021
HT52-6h 170 4.25E-05 0.66 72 8.37E-05 0.76 4990 1.96E-03 0.9 6727 8044
HT52- 174 1.02E-04 0.68 340 1.55E-04 0.67 2013 4.82E-03 0.77 2936 3308
24h
HT53-2h 182 7.05E-05 0.79 52 1.04E-04 0.82 8681 1.92E-03 0.9 5588 10976
HT53-6h 182 6.71E-05 0.73 58 2.61E-04 0.76 7458 3.27E-03 0.9 3156 7832
HT53- 174 8.00E-05 0.8 61 1.40E-04 0.83 3883 2.83E-03 0.9 3258 5840
24h
HT54-2h 174 3.74E-05 0.67 56 1.11E-04 0.66 5822 1.64E-03 0.9 4489 8291
HT54-6h 180 1.58E-04 0.68 304 5.91E-05 0.76 4053 3.61E-03 0.9 4487 7924
HT54- 185 3.78E-05 0.62 226 5.90E-05 0.72 4779 1.15E-03 0.9 3847 6108
24h
HT55-2h 180 3.14E-05 0.65 62 1.97E-04 0.6 5239 4.18E-03 0.9 1219 4936
HT55-6h 172 1.21E-04 0.69 123 1.66E-04 0.86 3839 1.02E-02 0.9 2527 4408
HTS55- 172 5.92E-05 0.66 60 1.43E-04 0.75 2862 7.50E-03 0.9 2649 3780
24h

ZnAl-CO3 HT (around 13.60°) decreased slightly after immersion in 0.1
M NaCl (Fig. 6). The recent researches indicated that the (003) reflection
- d(003) corresponded to the basal spacing of 0.774 nm and 0.758 nm
for ZnAl-Cl and ZnAl-COs HT, respectively [41]. Besides, Iyi et al.
demonstrated that the CO3%~ ions in HT can be exchanged for CI~ anions
when immersed in NaCl solution [42]. Therefore, the increase in basal

spacing and the decrease in sharp peaks of ZnAl-HT after immersion
confirmed that CI™ anions were intercalated and partially replaced the
CO52~ anions in the interlayer region of hydrotalcite. This suggests that
the as-prepared ZnAl-HT conversion films with the different ARt /Zn%*
ratios offered durable, protective properties and good corrosion resis-
tance. Besides, the XRD pattern of the immersed HT-conversion film
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Fig. 13. Evolution of the values R, of the ZnAl-HT conversion films with
different Al/Zn ratios.

samples contained ZnO peaks with very low intensity, implying the
occurrence of corrosion at the interface between these HT films and the
EG steel substrate, and the retention in the solid phase of Zn?* cations
from the partial dissolution of hydrotalcites [43,44].

Fig. 7 shows the SEM morphologies of the EG steel substrate and the
ZnAl-HT pretreated EG steel samples for the different A1>*/Zn?" ratios
after 24 h of immersion in 0.1 M NacCl solution. All the ZnAl-HT con-
version films on the EG steel substrate samples remained quite compact
and intact with a platelet-like microstructure after immersion. However,
compared with the original ZnAl-HT films, the morphologies after im-
mersion presented several significant changes. The nano-plates of the
HT 5/1 and HT 5/2 films with edges became slightly sharper after the
immersion in the aggressive environment and a few crystals precipitated
as flowers on the surface of these ZnAl-HT conversion films (Fig. 7b, c).
The surfaces of HT 5/3 and HT 5/5 conversion films were partially
covered by hexagonal crystals of ZnO due to the dissolution of the Zn
from the substrate and ZnAl-HT films, while the ZnO precipitates were
interweaved with the network of hydrotalcite crystals on the entire
surface of the HT 5/4 conversion film. Moreover, the nano ZnO
improved corrosion resistance by forming a thin layer on the metal
surface [45], so the corrosion resistance of the HT 5/3, HT 5/4, and HT
5/5 remained stable during the surveyed period. In contrast, serious
general corrosion occurred on the EG steel substrate without ZnAl-HT
conversion films (Fig. 7a). The EDS analysis of all the ZnAL-HT con-
version films after immersion in 0.1 M NaCl was presented in form of
two-dimensional maps (Fig. 8). For the EG sample without HT film, the
main components of the top layer included Zn, O, and C elements, which
were relatively uniformly distributed. The presence of O with high in-
tensity was noted on some zones, which were also enriched in Zn. This
results indicated the formation of ZnO/Zn(OH), on the surface of the
bare substrate after 24 h. The EDS maps showed an uneven distribution

Zn) .

@
& 04"”4 .4‘ '(

/?

zn?)\E"J

Zn coating

Carbon steel
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of the Al, Zn, C, and O elements on almost all the ZnAl-HT conversion
film samples, with an exception for that of the HT 5/4 sample, which
proved that the surface of samples was highly uneven. Although the
distribution of the required elements was uniform throughout the HT 5/
4 film, these specific zones were enriched in both Zn and O. The main
reason was that the intercalation of ZnO crystals in the HT structure
blocked the gaps on the HT 5/4 film, which could also be verified in the
XRD analysis. In addition, the presence of the element Cl was noted only
on some specific zones, which was an indication of the absorption and
retention of the aggressive Cl~ ions in HT interlayers.

3.3. Electrochemical test of the ZnAl-HT conversion films with different

AP*/Zn?* ratios

Fig. 9 presents the polarization curves of the bare Zn coated steel
substrate and the ZnAl-HT pretreated EG steel samples after immersion
in 0.1 M NacCl for 24 h. The determined corrosion potential (E¢q) and
corrosion current densities (ico;;) Were presented in Table 4. The
corrosion potentials (Eco) of the HT 5/1, HT 5/2, HT 5/3, HT 5/4, and
HT 5/5 samples were around —1.00, —1.02, —1.01, —1.01, and —1.02V,
respectively, and were shifted toward more positive values compared to
the blank EG substrate (—1.04 V). The i value of the HT 5/1 (1.64 x
107% A-cm™2) was only slightly lower than that of the blank substrate
(2.63 x 10°° A-cm™2). A stronger decrease was determined for the four
other samples (the ico values of HT 5/2, HT 5/3, HT 5/4, and HT 5/5
were 0.72 x 107%,0.57 x 107%, 0.54 x 10 and 0.65 x 107° A-em ™2,
respectively). Therefore, the ZnAl-HT films can be considered as anodic
inhibitors for the EG steel substrate. The shift of E.,, to positive values
and the decrease of the i.o; sShowed that the ZnAl-HT conversion films
were protective and the corrosion resistance was gradually enhanced.

Besides the potentiodynamic polarization measurements, the elec-
trochemical impedance diagrams (EIS) were determined in the same
aggressive solution for the bare substrate and the ZnAl-HT pretreated EG
steel samples for the different AI**/Zn?* molar ratios. The EIS diagrams
can give information such as film resistance and film capacitance,
double layer capacitance, and charge transfer resistance [17]. Figs. 10
and 11 present Nyquist and Bode plots of samples immersed in 0.1 M
NaCl for 2 h, 6 h, and 24 h.

For the bare substrate, the impedance diagrams exhibited two time
constants after 2 h and 6 h immersion. The first time constant in the
medium frequency region was related to the oxide film on the surface
and the second one in the low frequency was related to the corrosion
process [46]. Surface analysis by EDS indicated the deposition of a zinc
oxide/hydroxide layer on the zinc surface during immersion time
(Fig. 8a). The similar result was also reported [40]. The EIS diagrams for
bare substrate immersed for 2 h and 6 h were fitted by the equivalent
circuit of Fig. 12a and the fitting data were presented in Table 5. This
circuit was composed of the solution resistance Rg, the resistance R¢;, and
the constant phase element CPEy; of the zinc oxide/hydroxide layer and,
the resistance R, and the constant phase element CPEq of the double
layer. However, it was possible to observe one capacitive loop for bare
substrate exposed for 24 h, presenting the beginning of localized
corrosion and the merger of corrosion products into one layer [47]. This
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Fig. 14. The corrosion protection mechanism of the ZnAl-CO3>~ HT conversion films.
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result was completely consistent with the results of surface and struc-
tural analysis of the bare substrate after 24 h (Figs. 5 and 8a). The model
Rs(CPEqR;,) was used for the bare substrate after 24 h (Fig. 12b and
Table 5). The quite high value of the calculated double layer capacitance
can be attributed to the substrate roughness (1.3 £+ 0.2 pm).

For all the HT conversion films, the three time constants were
observed in the impedance diagrams during immersion time. The model
Rs(CPEs (Re1 (CPEp(R2(CPEGIR,))))) was used for fitting the EIS dia-
grams of all HT samples in the surveyed period (Fig. 12¢) and the fitting
parameters from impedance diagrams of electrodes were listed in
Table 5. Rs, Rf1, R, and Ry, were the solution resistance, oxide film
resistance, HT film resistance, and polarization resistance, respectively.
CPEf;, CPEgp, and CPEg presented the constant phase element of the
oxide film, HT film, and double layer, respectively. From a general point
of view, the system with the higher Z modulus at lower frequencies and
the higher value of R, exhibited higher corrosion resistance [17,20]. For
the HT films with different A1>*/Zn?* ratios, the values of |Z|;gmp, and
R, were largely higher than the ones of the blank sample (Fig. 11 and
Table 5). This indicated that the anti-corrosion of the EG steel substrate
was significantly improved with ZnAl-HT films.

For the HT 5/1 film, the Rp values decreased significantly from 2996
to 933 Q-cm? with the increase of the immersion time. The values of Rp
of HT 5/2 and HT 5/3 films after immersion for 2 h gained 5531 and
5588 Q-cm?, respectively, which were higher in comparison with the
values obtained in HT 5/1 film. The significant enhancement in corro-
sion protection of the HT 5/2 and HT 5/3 films in comparison with the
HT 5/1 conversion films after 2 h was attributed to the thickness
increment of the HT films for this concentration range of Zn" cations in
the synthesis solution (Fig. 4a-c). However, similar to HT 5/1 film, the
R;, values of HT 5/2 and HT 5/3 films after 24 h also reduced sharply to
2936 and 3258 Q-cm?, respectively. This demonstrated that the low
density of the HT 5/1, HT 5/2, and HT 5/3 conversion films facilitated
the penetration of the aggressive species, the protection performance of
these films did not remain stable after 24 h of exposure.

Regarding the fitting parameters obtained for the HT 5/4 and HT 5/5
films, the R, values after 2 h was 4489 and 1219 Q-cm?, respectively,
which showed a marked decrease compared to HT 5/3 sample (Fig. 13
and Table 5). This reduction could be explained as these crystals were
thinner than that of HT 5/3 (Fig. 3g-m), so they were easily partially
dissolved and the aggressive ions can easily penetrate. In contrast, these
values remained stable after 24 h of immersion and the HT 5/4 reached
the slightly higher final value after 24 h than the HT 5/3 one (Fig. 13 and
Table 5). For the HT 5/5 sample, the R;, values were initially quite low
after 2 h of immersion, but, their value doubled during the investigated
period. This demonstrated that the protection performance of HT 5/5
film improved during immersion time. The intercalation of ZnO crystals
in the HT structure blocked the gaps on the HT 5/4 and HT 5/5 that were
observed from the SEM and XRD results (Figs. 5 and 7), which was the
main reason for the improved corrosion resistance of these films.

In summary, the corrosion resistance of the EG steel substrate was
significantly enhanced with HT films. The change of the Zn?" cation
concentration in the synthesis solution affected the crystal size, the
thickness, and the density of the conversion films modifying their
corrosion resistance. The optimum Al>*/Zn?* ratio seems to be around
5/3 and 5/4. To clarify this behavior, the samples were characterized
after 24 h test in NaCl solution.

3.4. Corrosion protection mechanism of ZnAl-HT conversion film

From the experimental results, a corrosion protection mechanism
model of the ZnAl HT conversion films on EG steel substrate was pro-
posed in direct relation with the mechanisms of ion-exchange,
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deposition, and competitive adsorption (Fig. 14).

The density of ZnAl-HT films on EG steel substrate acted as a barrier
layer against the chloride attack, however, they only protect substrate to
a certain extent. During exposure to corrosive ions (Cl7), the
CO52~anions intercalated between the metal cation layers of HT con-
version films are partially exchanged with Cl™ anions. This ion exchange
reaction, which was attributed to the absorption and retention of the
aggressive Cl~ ions and the release of the CO32~ ions, was the main
reason for reducing the aggressiveness of NaCl solution and improving
the corrosion resistance of these films [48]. The recent published re-
searches also proved that ZnAl-HT and MgAI-HT intercalated with car-
bonate anions were effective chlorides “nanotraps” due to the ion
exchange process, so the HT films could delay the substrate degradation
[48,49]. The ion exchange reaction of ZnAl-HT conversion film on EG
steel substrate in chloride containing solution can be expressed as
follows:

ZnAl — CO;>” —HT +2Cl” »ZnAl — 2C1” — HT + CO,>~ (5)

Based on the ion exchange process, the release of CO3%~ anions
concentrated on the coating surface led to the formation of a diffusion
boundary layer containing high concentrations of CO32~ ions. Using the
competitive adsorption, the diffusion boundary layer containing CO3>~
ions impairs the adsorption of CI~ on the surface of the HT conversion
films which could effectively improve the pitting resistance property of
the EG steel surface.

Besides, the anodic dissolution of the zinc coating can lead to the pH
change and ion contents in the local solution near the Zn surface [50].
The structure of ZnAl-HT crystals of the conversion layer may be
partially destroyed in this situation, releasing Zn?>* and Al®" cations
(Fig. 13) [44]. The ZnO recrystallization of the Zn*" ions released due to
corrosion of the Zn surface, where a high concentration of Zn>* ions
exist, can lead to the sealing of the damaged ZnAl-HT conversion films
while retaining the chloride entrapment properties of the HT layer.

4. Conclusions

The ZnAl-CO3%~ HT conversion films were successfully synthetized
on EG steel substrate with various Al>t/Zn?" ratios by the “in situ”
growth method at pH 12 and room temperature. It was shown that the
AIP*/Zn?" ratio affected the morphology, structure, thickness, and
protective properties of the ZnAl-HT conversion films. The polarization
curves indicated the ZnAl-HT conversion films act as anodic inhibitive
species. The layer is still detected after an exposure period of 24 h in 0.1
M NacCl solution. Nevertheless, the corrosion resistance of HT 5/1, HT 5/
2, and HT 5/3 films decreased significantly. In contrast, the anti-
corrosion of HT 5/4 and HT 5/5 remained stable during immersion
time. The protection performance of the ZnAl-HT films can be ascribed
to the barrier function, the ion-exchange competitive adsorption for
chloride ions, and the protective deposition of ZnO which seals the
hydrotalcite structure on EG steel surface.
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