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A B S T R A C T   

The Zn-Al-CO3
2− hydrotalcite (HT) conversion film was developed on hot-dip galvanized steel (HDG), Zn–Al 

coated steel (ZA), and Zn-Al-Mg coated steel (ZAM) substrates by “in situ” growth process for Al3+/Zn2+ ratio of 
5/3 at pH 12. The characteristics of all the Zn–Al HT film-coated samples before and after exposure to 0.1 M 
NaCl for 24 h were investigated by means of Fourier-transform infrared (FT-IR), X-Ray Diffraction (XRD), 
electron microscopy/energy dispersive X-ray spectroscopy SEM/EDS, and X-ray photoelectron spectroscopy 
(XPS). The corrosion properties of all the samples were studied by open circuit potential measurements (OCP), 
polarization curves, and electrochemical impedance spectroscopy (EIS). The electrochemical tests indicated that 
the HT film-coated can significantly restrain the corrosion of the HDG, ZA, and ZAM substrates but this efficiency 
was depending on the alloying compounds of the sacrificial layer. The inhibitive effect of HT film-coated on all 
the corrosion substrates was discussed in detail.   

1. Introduction 

The zinc coatings can provide both a barrier and sacrificial protec
tion to the steel and its alloy surface, thus it has been widely applied for 
the corrosion protection of the steel alloys [1]. In order to enhance the 
corrosion protection of zinc coatings without rising coating thickness, 
the addition of aluminum and/or magnesium to the coating systems is a 
promising approach [2]. The corrosion potentials of Al and Mg were 
more negative than that of Zn, thus the addition of Al and/or Mg to zinc 
coating can provide more sacrificial protection than that of pure one [3]. 
Moreover, the enhanced corrosion protection of zinc alloys as Zn–Al, 
Zn–Mg, and Zn-Al-Mg coatings has been also attributed to the density of 
new corrosion products after immersion in aggressive environments, 
which can impede oxygen diffusion [4,5]. 

Due to their unique lamellar structure, hydrotalcites (HT) can trap 
and hold aggressive corrosive anions as chloride in their positively 
charged layers [6]. Moreover, hydrotalcites can also encapsulate and 
release corrosion inhibitors, which provide them additional advantages 
for corrosion protection [6,7]. Recently, hydrotalcites intercalated with 

inorganic or organic compounds were widely investigated as layered 
anti-corrosion materials when incorporated into organic coatings [6–9] 
and sol-gel coatings [10–12]. They significantly improve the coating's 
barrier properties and corrosion inhibition of the metal/coating surfaces 
due to their different functional groups [7]. Nguyen et al. prepared and 
compared the anti-corrosion performance of Zn–Al HT modified with 
benzoate (BZ), 2-benzothiazolylthio-succinic acid (BTSA), and sebacate 
(SB) on carbon steel [6,7]. HT-SB showed higher inhibiting efficiency 
than those of HT-BZ and HT-BTSA. Moreover, 1.5 wt% HT-SB, HT-BZ, 
and HT-BTSA were used as inhibitor nanocontainers in epoxy coatings 
applied on carbon steel. They were easily dispersed and enhanced the 
barrier properties of the organic coating [7]. MgAl HT was used as in
hibitor nanocontainers (1.5 and 10 %, w/w) to be incorporated into sol- 
gel coatings on AA2024-T3 alloy substrate [11]. The corrosion protec
tion of the AA2024-T3 alloy substrate was enhanced significantly at 
higher weight percentages of HT added to the hybrid sol-gel coating. 

Moreover, hydrotalcites can be directly developed on the metal 
surface and form physical protective films avoiding the exposure of the 
substrate to aggressive environments [13,14]. Zn–Al HT films [15], 
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Ni–Al HT films [16], Mg–Al HT films [14], and Ca–Al HT films [17] 
were fabricated on aluminum alloys by using in-situ hydrothermal 
treatment method. The results presented that these hydrotalcite films 
showed high flexibility in terms of control of the structure and 
morphology of the films with the expected micro/nanostructure and 
controlled crystal orientation. The corrosion resistance of the aluminum 
substrate treated with HT films was highly improved [14,17]. Mg–Al 
HT films [18,19] and Zn–Al HT films [20], which consisted of uniform 
hexagonal nanoplates, were prepared through the combination of the 
co-precipitation and hydrothermal methods on the AZ31 magnesium 
alloy. It was found that these Mg–Al HT and Zn–Al HT can act as smart 
coatings responding to stimuli and giving self-healing ability in the 
corrosive environment. Mg–Al HT films modified with 8-quinolinol 
showed significant improvement in anti-corrosion properties and pro
vided excellent protection after immersion in NaCl solution for one 
month [21]. 

The preparation of HT modified with different inorganic and organic 
inhibitors was mainly investigated on substrates such as Mg and Al al
loys, however, the growth of HT films on zinc alloys and galvanized steel 
has rarely been reported. Mikhailau et al. prepared nitrate anions 
intercalated Zn–Al HT film on zinc alloy by dipping the substrates into a 
Al(NO3)3 solution containing NaNO3 at pH 3.2 [22,23]. The Zn-Al-CO3

2−

HT were developed on galvanized steel substrates by immersing bare 
substrates in high alkaline sodium aluminate solutions at different pH 
values [24–26]. They found that ZnOH+ and Al(OH)4

− were the two main 
species for HT layers formation on zinc substrates in acid solutions [22], 
while Zn(OH)3

− and Al(OH)4
− species were considered as the HT building 

blocks on galvanized steel in alkaline solutions [26]. In our previous 
research, we proved that the Al/Zn ratio influenced the morphology, 
thickness, and anti-corrosion of Zn–Al HT films on a pure zinc sacrificial 
layer obtained by electrodeposition process (EG) [27]. In addition, the 
excellent anti-corrosion functionalities of these HT films attributed to 
their physical barrier function, ion-exchange, and protective deposition 
of ZnO were demonstrated on this pure zinc layer. 

Uan et al. [28–30] and Chen et al. [31,32] prepared the Mg–Al HT 
films on Mg alloys containing different aluminum contents in the sub
strate by immersing the bare substrates in a carbonic acid solution. They 
found that the composition of Mg alloys affected the “in situ” growth of 
HT films, their morphology, as well as their corrosion protection. 
However, from the best of our knowledge, the “in situ” growth of Zn–Al 
HT films has not been extended to zinc alloys as Zn–Al, Zn-Al-Mg, and 
Zn–Mg alloys coated steel substrates. In addition, the role of Mg and Al 
alloying elements on the “in situ” growth of HT films has not been 
further studied and discussed. Our previous results obtained on EG steel 
substrate [27] motivated us to continue studies on formation and anti- 
corrosion of Zn–Al HT film developed directly on different zinc alloys 
coated steel substrates. Moreover, the effect of Al and Mg contents from 
substrate's top layer on formation mechanism, structure, and properties 
of HT films on these substrates was investigated and explained. The 
Zn–Al HT conversion films were synthetized using Al/Zn ratio of 5/3 at 
pH 12 on different zinc alloys coated steel substrates. The structure and 
surface morphology of these Zn–Al HT films were observed by FT-IR, 
XRD, XPS, and SEM/EDS. The anti-corrosion performance of these HT 
films was determined by using electrochemical methods. By analyzing 
the characterization of corrosion products and interpretating the elec
trochemical results, the inhibitive effect of HT films on corrosion zinc 
alloys coated steel was highlighted and discussed depending on their Mg 
and Al contents. 

2. Experimental method 

2.1. Materials 

The hot-dip galvanized steel (HDG), Zn–Al coated steel (ZA), and 
Zn-Al-Mg coated steel (ZAM) substrates were prepared and supplied by 
Arcelor Mittal (Belgium). The cross-sectional microstructure and 

chemical compositions of these substrates were observed under Hitachi 
SU8020 FE-SEM. The element compositions and the thickness of the top 
layer of these substrates are given in Table 1. The roughness of top layers 
was determined by optical profilometry with the NanoJura instrument 
as described in our previous publication [27]. The Ra values of bare 
substrates were also presented in Table 1. The specimens were cut to 25 
× 50 mm. Prior to the synthesis experiment, the substrates were ultra
sonically cleaned in acetone for 25 min, rinsed with DI water, further, 
cleaned using a commercial alkaline solution Gardoclean (10 g/l) for 30 
s, finally, washed with DI water, ethanol (EtOH), and dried in cool air. 

EtOH and NaCl were provided by VWR. Al(NO3)3⋅9H2O from Sigma 
Aldrich, Zn(NO3)2⋅7H2O from Fluka, and NaOH from VWR were used to 
synthesize the Zn–Al HT films on zinc alloys coated steel. 

2.2. Experimental details 

In this research, the Zn–Al HT film synthesis procedure was per
formed as described in our previous publication [27]. The Zn–Al HT 
films on HDG, ZA, and ZAM substrates, which were named as HT-HDG, 
HT-ZA, and HT-ZAM respectively were synthesized by the “in situ” 
growth process. The HT films were grown in a reactional bath containing 
0.05 M Al(NO3)3 and 0.03 M Zn(NO3)2 (pH adjusted to 12 using 1 M 
NaOH) at room temperature for 6 h with stirring and maintained 
hereafter in the solution for 16 h without stirring. The as-prepared HT 
film samples were washed with DI water, EtOH, and finally dried at 
70 ◦C for 2 h. 

The cross-section of all the bare substrates and Zn–Al HT samples 
was also analyzed as described in our previous paper [27] after 
embedding by an epoxy resin (provided by Stuers), and then polishing 
from 400 to 4000 by SiC papers. 

2.3. Methods and analyses 

2.3.1. Characterization 
Fourier-transform infrared (FT-IR) of the obtained Zn–Al HT films 

were recorded on Bruker IFS 66 v/S between 500 and 4000 cm− 1 in ATR 
working mode. 

The X-Ray Diffraction (XRD, Bruker D5000) with CoKα (wavelength 
= 0.1789 nm) and Fe filter over the 2θ range from 10◦ to 70◦ at rate of 1◦

min− 1 was used to observe the crystalline structure of all the substrates 
uncovered and covered with Zn–Al HT films before and after exposure 
to 0.1 M NaCl. 

The chemical compositions, surface morphology, and thickness of 
the bare substrates and Zn–Al HT coated samples before and after im
mersion in 0.1 M NaCl were analyzed using FE-SEM (Hitachi SU8020) 
with an energy dispersive X-ray spectroscopy (EDX, Thermo Scientific 
Noran System 7). 

The extreme surface characterization of Zn–Al HT films was inves
tigated by X-ray photoelectron spectroscopy (XPS) using an ESCA-5000 
(Physical Electronics) Versa Probe system with a monochromatic Al Kα 
radiation at 1486.6 eV. The XPS measurements were recorded by an X- 
Ray source with beam size diameter of 200 μm and the power was 50 W. 
Atomic compositions were derived from peak areas after a Shirley 

Table 1 
Element compositions, thickness, and roughness of top layer on the different zinc 
alloys coated steel substrates.  

Substrates Element content (wt%) Thickness (μm) Ra (μm) 

Zn Al C O Mg 

HDG  92.1  1.2  3.9  2.8 – 11.6 ± 0.2 
0.871 ±
0.015 

ZA  82.9  9.4  3.0  4.7 – 17.5 ± 0.1 
1.225 ±
0.052 

ZAM  83.6  7.2  2.4  2.8 4.0 29.0 ± 0.1 
0.012 ±
0.002  
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background subtraction. 

2.3.2. Electrochemical measurements 
The electrochemical inspection of the bare substrates with and 

without Zn–Al HT films was investigated by electrochemical mea
surements as open circuit potential (OCP), electrochemical impedance 
spectroscopy (EIS), and potentiodynamic polarizations (Parstat Model 
2273 controlled by Powersuite® software), using a conventional three- 
electrode system in which a large platinum electrode, substrates with an 
exposed area of 1 cm2, and an Ag/AgCl (sat. KCl) were the auxiliary, 
working and reference electrodes, respectively. The stability of the OCP 
was previously checked for 24 h in 0.1 M NaCl. The EIS measurements 
were also determined in 0.1 M NaCl solution by using a peak-to-peak 
sinusoidal voltage amplitude of 5 mV in the frequency domain of 105 

Hz to 10− 2 Hz with 50 points. The potentiodynamic polarization curves 
were recorded after 24 h of exposure to 0.1 M NaCl from − 30 mV to 400 
mV vs OCP (V / Ag/AgCl) at 0.2 mV s− 1. 

3. Results and discussion 

3.1. Characterization and surface morphology of the Zn–Al HT 
conversion films on different zinc alloys coated steel substrates 

All the studied substrates were zinc alloys coated steel with different 
contents of Al and Mg (Table 1). The Al content of the HDG, ZA, and 
ZAM substrates was 1.2, 9.4, and 7.2 wt%, respectively. The presence of 
Mg in ZAM substrate was 4.0 wt%. The thickness of ZAM layer was 29.0 
μm considerably higher than those of ZA (17.5 μm) and HDG (11.6 μm) 
coatings (Fig. 1). In contrast, the Ra value of ZAM substrate was 0.012 
μm, which was significantly lower than those of other substrates 
(Table 1). The previous research indicated that the morphology and 
composition of the substrate had obvious affection to the “in situ” 
development mechanism, structure, and morphology of HT films 
[31,32], thus this chapter will discuss the growth of Zn-Al-HT films on 
different zinc alloys. 

The FT-IR spectra of Zn–Al HT films on zinc alloys substrates were 
measured and presented in Fig. 2. All the HT films presented an ab
sorption band at about 3420 cm− 1, which corresponds to the stretching 
vibration of crystal water and hydroxyl groups in the brucitelike layers 
[21]. In addition, the peak around 1600 cm− 1 was ascribed to the 
bending vibration of H2O molecules which was attributed to interlayer 
H2O molecules of HT films, and these absorbed ones on the HTs surface 
[33]. The strong bands at 1350 cm− 1 originated from the characteristic 
band of symmetric and asymmetric stretching vibrations of CO3

2− from 
taken up by CO2 in the air [26,27]. Moreover, the lower wavenumber 
bands 500–800 cm− 1 were attributed to the lattice vibration of the metal 
(e.g. M-O, M-O-M, O-M–O) [33]. 

XRD patterns of HDG, ZA, and ZAM substrates uncovered and 
covered with the Zn–Al HT films were displayed in Fig. 3a, b, and c, 
respectively. The diffraction peaks at 2θ values of 42.50◦, 45.70◦, 
50.80◦, and 64.00◦, corresponding to the (101), (102), (103), and (110) 
lattice planes (JCPDS No. 00–004-0831) of zinc, were observed for all 

bare substrates and the HT films. Iron (JCPDS No. 00–006-0696) and 
aluminum (JCPDS No. 00–004-0787) were present for all the samples. 
Moreover, the strong peaks of magnesium zinc – MgZn2 (JCPDS No. 
00–034-0457) were easily observed in the XRD pattern of ZAM and HT- 
ZAM. Compared with all bare substrates, the new peaks at about 13.50◦, 
27.40◦, and 40.50◦, which correspond respectively to the characteristic 
(003), (006), and (012) diffraction peaks of Zn6Al12(OH)16(CO3

2− )⋅4H2O 
HT (JCPDS No. 00–038-0486), indicated that Zn–Al HT intercalated 
with carbonate anions films were successfully developed on HDG, ZA, 
and ZAM substrates by using the “in-situ” method. 

The lattice parameters, corresponding to the cation–cation distance 
within the brucite layer (a) and the thickness of the interlayer distance 
(c), were estimated by a = 2 × d(110) and c = 3 × d(003), respectively 
(Table 2) [34,35]. The crystallite size (d) of HTs was calculated by using 
the Scherrer equation at the strongest characteristic peak (003) [27]: 

d =
0.9 × λ

FWHM × cosθ  

where λ = 0.1789 nm (the wavelength of X-rays (Co K0α1)), FWHM: the 
full width at half maximum in radians, and θ: the diffraction angle for 
(003). The a and c values of the Zn–Al HT were not significantly 
different on all substrates and were quite similar to HT films for Al/Zn 
ratio of 5/3 on EG steel (HT 5/3) [27]. The crystallite size (d) of HT-HDG 
was not much different from that of HT 5/3 sample [27], however, it was 
much larger than those of HT-ZA and HT-ZAM. The increase of Al and 
Mg concentration in the metallic layer composition affected the HT 
deposition process, thus the HT-ZA and HT-ZAM crystallite size showed 
a significant difference from that of HT-HDG. 

Fig. 1. SEM of the cross-sections of HDG (a), ZA (b), and ZAM (c) substrates.  

Fig. 2. The FT-IR spectrum of the Zn–Al HT films on the HDG, ZA and 
ZAM substrates. 
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The morphology of HT films grown on the HDG, ZA, ZAM substrates 
was presented in Fig. 4. The surface of HT film on all the substrates 
highlighted the rough hillocky structures, which was observed from the 
SEM images at lower magnifications, indicating that the deposition of 
HT crystallites on the substrate surfaces was quite homogeneous. The 
amount of HT crystallites, which were deposited on the HDG surface, 
was more than the other two surfaces. It can be easily observed from 

Fig. 4.d1, h1, and m1 that the hexagonal crystallites of HT were rela
tively similar on the different substrate surfaces. Comparing the 
morphology of the HT crystallites close to the surfaces (Fig. 4.d2, h2, and 
m2), the differences can be observed. The SEM image of HT-HDG film at 
high magnification showed a rose petal-like nanostructure of HT crys
tallites, however, its structure was not sheet-like but cluster-like (Fig. 4. 
d2). In contrasts, the SEM image of HT-ZA film at the same magnifica
tion indicated that the vertical growth of HT nanoplates became denser 
and more uniform on this substrate (Fig. 4.h2), which can be expected to 
increase the efficiency for preventing the penetration of aggressive 
corrosive anions, thus enhancing the anti-corrosion of the ZA substrate. 
The HT crystallites with the sheet-like structure were developed verti
cally on the ZAM substrate (Fig. 4.m2), however, some gaps were 
observed on the surface, which may negatively affect the corrosion 
protection of this HT film. The composition of HT films formed on all the 
substrates were analyzed by EDS (Table 3). The main chemical com
positions of all the HT films were Zn, Al, O, and C elements. The com
positions of HT films were significantly different in each region. The O 
and Al contents at the HT-HDG 1 (Fig. 4.d1), HT-ZA 1 (Fig. 4.h1), and 
HT-ZAM 1 zones (Fig. 4.m1) were significantly higher than those of HT- 
HDG 2 (Fig. 4.d2), HT-ZA 2 (Fig. 4.h2), and HT-ZAM 2 (Fig. 4.m2) ones, 
respectively, indicating that the amount of HT crystallites deposited in 
these regions, was larger. 

In addition, the composition and chemical state of the top surface of 
Zn–Al HT films on HDG, ZA, and ZAM substrates were deeply explored 
by XPS (Fig. 5). From the survey spectrum of all HT film samples, the 

Fig. 3. XRD patterns of the HDG and HT-HDG samples (a), ZA and HT-ZA samples (b), and, ZAM and HT-ZAM samples (c) before and after exposure to 0.1 M NaCl for 
24 h. Peaks marked with ●, ◊, Δ, □, *, ○, and, ■ are contributed to Zn–Al HT, Zn, Al, MgZn2, Fe, ZnO, and Zn5(OH)8Cl2⋅H2O/ZnCl2⋅4Zn(OH)2⋅H2O, respectively. 

Table 2 
The indexing of XRD for the Zn–Al HT film on the HDG, ZA, and ZAM substrates 
before and after exposure to 0.1 M NaCl for 24 h.  

Parameter 
(nm) 

HT- 
HDG 

HT-ZA HT- 
ZAM 

HT- 
HDG 24 
h 

HT-ZA 
24 h 

HT- 
ZAM 24 
h 

d(003)  0.752  0.758  0.759  0.759  0.764  0.765 
d(006)  0.377  0.379  0.378  0.379  0.381  0.381 
d(110)  0.172  0.173  0.173  0.172  0.173  0.173 
Lattice 

parameter a  
0.344  0.346  0.346  0.344  0.346  0.346 

Lattice 
parameter c  2.256  2.274  2.277  2.277  2.293  2.295 

Crystallite size 
d  

38.6  29.7  28.9  35.6  27.3  26.8 

(003)/(006) 
peak height 
ratio  

4.2  4.0  4.7  3.5  3.2  3.4  
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typical spectral peaks, corresponding to Zn, Al, C, and O, were detected. 
For the HT-ZAM survey spectrum, the typical spectral peaks attributed 
to Mg were not observed, indicating that magnesium contained in the 
zinc layer did not participate in the growth process of the HT conversion 
film. The twin peaks at 1022.0 and 1045.0 eV were ascribed to Zn 2p3/2 
and Zn 2p1/2, respectively, confirming the presence of the divalent 
oxidation state of Zn element in Zn–Al HT from the Zn 2p XPS spectrum 
of all HT samples [36]. The 74.3 eV peak of Al 2p corresponded to the 
trivalent oxidation state of Al element in Zn–Al HT (Fig. 5. a3, b3, and 
c3) [36]. The presence of three different carbon-containing functional 
groups at 289.8, 286.4 and 284.9 eV associated to O-C=O, C–O, and 
C–C bonds of carboxylate intercalated HT were observed in Fig. 5. a4, 
b4, and c4, respectively [37]. 

The cross-section views and EDS maps of the HT films on HDG, ZA, 
and ZAM substrates embedded in resin were shown in Fig. 6. Similarly 
with the EDS map of HT 5/3 on the EG steel surface [27], the Zn–Al HT 
films with the distribution of Zn, Al, O, and C elements were developed 
on all the substrates. The thickness of HT films on HDG, ZA, and ZAM 
substrates were about 9.1 ± 0.1, 14.6 ± 0.1, and 7.2 ± 0.6 μm, 
respectively. The amount of crystalline HT deposited on the ZA substrate 
was larger than those of HDG and ZAM substrates. Moreover, the 
tightness of the HT-ZA films was better than the other two HT films, 
which was more favorable to avoid the substrate being exposed to 
aggressive environments. The higher content in aluminum in the ZA 
substrate can probably furnish trivalent Al cations during immersion 
which can participate in the HT growth (Table 3). In the case of the ZAM 
substrate, the preferential dissolution of magnesium prevents the 

aluminum dissolution and inhibits the HT growth formation. The mag
nesium was not involved in the HT structure as proved by XPS 
experiments. 

3.2. Corrosion products of the Zn–Al HT conversion films on different 
zinc alloys coated steel substrates after 24 h of exposure to 0.1 M NaCl 

The XRD patterns of all the samples after 24 h of exposure to 0.1 M 
NaCl were presented in Fig. 3. It can be noted that the main corrosion 
product on the bare HDG substrate was simonkolleite - 
Zn5(OH)8Cl2⋅H2O/ZnCl2⋅4Zn(OH)2⋅H2O (JCPDS No. 00–007-0155), 
while Zn-Al-CO3 HT was the main corrosion product formed on the bare 
ZA and ZAM substrates after 24 h immersion. Besides, the characteristic 
peaks of zincite - ZnO (JCPDS No. 00–036-1451) were also detected in 
the corrosion products of HDG and ZA substrates [1]. The characteristic 
peaks of Zn-Al-CO3 HT crystallites can be easily observed on the XRD 
patterns of all the HT films after 24 h. However, the intensity of these 
diffraction peaks showed a slight decrease. Moreover, the peak position 
of the (003) of all the HT films shifted to a lower angle of approximately 
0.1◦ (Fig. 7), confirming that Cl− ions were intercalated due to ion ex
change, which is in agreement with our previous research [27]. These 
results showed that the carbonate-containing HT films on all the zinc 
coated steel substrates offered high durable properties and acted as 
effective chloride “nanotraps”, therefore, these HT films can be expected 
to delay substrate's surface degradation. Compared with the original HT 
crystallites, the crystallite size of all HT had a significant decrease after 
24 h of immersion, indicating that the HT crystallites were partially 
dissolved (Table 2). In addition, the low intensity peaks of ZnO were also 
found on the XRD patterns of the HT-HDG and HT-ZA films after 24 h of 
immersion, implying the solid phase re-deposition of Zn2+ cations from 
the partial dissolution of the Zn alloys substrates and Zn–Al HT films 
[27,38]. However, the ZnO characteristic peaks cannot be observed in 
the XRD pattern of ZAM and HT-ZAM. The buffering effect of Mg 
dissolution from the ZAM surface resulted in an inhibition of the for
mation of ZnO, thus the amount of ZnO crystallites was very small and 
cannot be detected on the ZAM and HT-ZAM surfaces by XRD analysis 
[4]. 

The peaks for all chemical elements of the Zn–Al HT films after 24 h 
of exposure to 0.1 M NaCl were showed in the XPS survey spectra 
(Fig. 8). Chloride was not detected by XPS after 24 h of immersion, 

Fig. 4. SEM images of the HDG (a, b), HT-HDG (c, d1, d2), ZA (e, f), HT-ZA (g, h1, h2), ZAM (i, k), and HT-ZAM (l, m1, m2) samples.  

Table 3 
Element contents obtained from the EDS results of the HT films on the HDG, ZA, 
and ZAM substrates.  

Sample Element content (wt%) 

Zn Al O C Mg 

HT-HDG 1  46.8  9.6  40.5  2.1 – 
HT-HDG 2  66.7  4.9  20.8  2.0 – 
HT-ZA 1  40.9  12.0  45.3  1.8 – 
HT-ZA 2  72.2  6.0  20.6  1.2 – 
HT-ZAM 1  57.4  7.9  31.9  1.5 1.4 
HT-ZAM 2  72.9  4.9  17.9  1.2 3.0  
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Fig. 5. Survey and high resolution XPS spectra of the HT-HDG (a), HT-ZA (b), and HT-ZAM (c) films.  

Fig. 6. SEM and EDS maps of the cross-sections of all the HT films on HDG (a), ZA (b), ZAM (c) substrates.  
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which indicated that the chloride-containing corrosion products were 
not present on the extreme surface of HT film's samples. Compared with 
the original HT films, the twin peaks at around 1022.0 and 1045.0 eV of 
Zn 2p and at about 74.3 eV of Al 2p did not present significant changes, 
confirming that the Zn–Al HT films still exist on all the substrate 

surfaces after immersion [36]. However, the decrease in the C 1 s peaks 
for all the HT films present the lower amount of carbon atoms than these 
original samples and confirmed a partially removal of carbon ion. 
Moreover, the peaks of Mg 2p (50.0 eV) and Mg KLL Auger (300.0 eV), 
corresponding to corrosion products of the Mg such as MgO, Mg(OH)2, 

Fig. 7. XRD patterns from 12◦ to 15◦ of the HT-HDG, HT-ZA, and HT-ZAM films before and after exposure to 0.1 M NaCl for 24 h.  

Fig. 8. Survey and high resolution XPS spectra of the HT-HDG (a), HT-ZA (b), and HT-ZAM (c) films after exposure to 0.1 M NaCl for 24 h.  
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and MgCO3, were detected on the HT-ZAM surface (Fig. 8.c) [2]. The 
amount of corrosion products of the Mg oxidized on the HT-ZAM surface 
can be very small, therefore, they cannot be detected by XRD. 

The morphology of all the substrates without and with HT films after 
24 h of exposure to 0.1 M NaCl is shown in Fig. 9. It can be noted that a 
heterogeneous simonkolleite corrosion products layer was formed on 
the bare HDG surface, while the bare ZA and ZAM surfaces were covered 
by continuous Zn-Al-CO3 HT nanosheets after 24 h. The morphology of 
all the Zn–Al HT films previously formed remained intact with nano
plates structure, however, only a small amount of HT nanoplates was 
dissolved, meaning that the Zn–Al HT films had a good adhesion to all 
the zinc coated steel substrates. Moreover, the HT-HDG film is partially 
covered by ZnO crystallites due to the partial dissolution of Zn–Al HT 
film and dissolution of the zinc alloy substrate (Fig. 9. a) [27,39]. A 
certain amount of ZnO precipitates can also be observed on the HT-ZA 
and HT-ZAM HT films but significantly less than on the HT-HDG film. 
Comparing the Zn–Al HT films formed on the bare ZA and ZAM sub
strates during immersion in the sodium chloride solution, the HT-ZA 
films previously synthetized were more uniform and denser, which 
can allow to avoid this substrate to be exposed to chloride ions and 
inhibit the corrosion process, while some gaps can be observed on the 
HT-ZAM film. 

The chemical compositions of corrosion products of all the substrates 
without and with HT film were analyzed by EDS spectra and EDS maps 
after 24 h immersion (Table 4 and Fig. 10). The corrosion products 
formed on the bare HDG surface mainly contained Zn, Cl, C, and O el
ements, which can support the formation of simonkolleite. Besides, 
some regions enriched in Cl− were observed with high intensity of Zn 
and O, confirming the co-existence of zincite and simonkolleite at the 
corroded sites (Fig. 10.a). In contrast, the detection of Zn, Al, C, and O 
elements on the bare ZA and ZAM surfaces indicated the existence of Zn- 
Al-CO3 HT (Fig. 10.c and e). Similarly to HT 5/3 on EG steel sample [27], 
the uneven distribution of the Zn, Al, and O elements can be observed on 
the surface of the HT films on all zinc coated steel samples (Fig. 10.b, d, 
and f). For all HT film samples, the regions enriched in Al were also 
detected with higher intensity of O, proving that the HT nanoplates were 
not uniformly distributed (Fig. 10.b, d, f). The Al content of all HT film 
samples were significantly higher than those of the bare substrates after 
24 h of immersion (Table 4). Moreover, the distribution of Al element on 

all the HT films was higher than those of bare substrates (Fig. 10), 
combining with the intensity of the characteristic peaks of Zn-Al-CO3 HT 
crystallites from the XRD analysis, the thicknesses of as-prepared HT 
films on all the substrates was considerably higher than those of the HT 
produced due to corrosion in sodium chloride solution of the substrates 
containing Zn and Al in their composition. The O content of all samples 
increased significantly after immersion in NaCl solution, confirming the 
formation of the corrosion products containing O such as the oxidized Zn 
or Mg, simonkolleite, and HT on all the surfaces. Moreover, the presence 
of Cl elements can be observed on all the HT films surfaces after 
corrosion process, indicating that the HT films on all the substrates 
absorbed Cl− ions of the corrosive solution and hold Cl− ions in their 
positively charged layers [27]. 

3.3. Corrosion resistance of the Zn–Al HT conversion films on different 
zinc alloys coated steel substrates 

The OCP stability of all the substrate samples without and with HT 
film was checked for 24 h in 0.1 M NaCl (Fig. 11). The OCP of the bare 
HDG and ZA substrates was divided into two different regions during 
immersion time. In the first 6 h of the surveyed period, the OCP values 
decreased and fluctuated, which was mainly due to the dissolution of the 
top layer of these substrates. However, the OCP values were stabilized at 
around − 1.06 and − 1.04 V versus Ag/AgCl for HDG and ZA substrates 

Fig. 9. SEM images of the HDG (a, b), HT-HDG (c, d3, d4), ZA (e, f), HT-ZA (g, h3, h4), ZAM (i, k), and HT-ZAM (l, m3, m4) samples after exposure to 0.1 M NaCl for 
24 h. 

Table 4 
Element contents obtained from the EDS results of the HDG, ZA, and ZAM 
substrates without and with Zn–Al HT film after exposure to 0.1 M NaCl for 24 
h.  

Sample Element content (wt%) 

Zn Al O C Cl Mg 

HDG  69.8  0.8  25.0  2.7  1.1 – 
HT-HDG 3  42.1  7.9  45.2  3.4  0.2 – 
HT-HDG 4  65.1  4.5  28.2  1.9  0.2 – 
ZA  76.1  4.4  17.7  1.8  0.2 – 
HT-ZA 3  40.1  10.3  46.5  2.3  0.2 – 
HT-ZA 4  65.2  5.6  27.2  1.9  0.1 – 
ZAM  74.0  3.2  18.9  2.2  0.1 1.4 
HT-ZAM 3  44.7  6.9  43.7  2.5  0.2 1.2 
HT-ZAM 4  70.1  4.3  21.2  1.7  0.1 2.5  
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in the remainder of immersion time, which confirmed the beginning of 
formation and deposition of corrosion products on these surfaces, 
leading to a slowdown of the substrate dissolution. The OCP values of 
the bare ZAM substrate was slightly lower during the first 6 h of im
mersion. However, these values increased sharply after 16 h of immer
sion, before remaining stable around − 1.02 V versus Ag/AgCl. 
Compared with the bare HDG and ZA substrates, the OCP values of the 
bare ZAM substrate were more positive, which was representative of an 
anodic inhibitor with immersion time. The OCP values of all substrates 
with HT films were more positive and more stable than those of the bare 
substrates. Besides, the OCP values of the HT-HDG, HT-ZA, and HT-ZAM 
samples were stabilized at about − 1.01, − 0.99, and − 0.95 V versus Ag/ 
AgCl with immersion time, respectively. 

The OCP values (Fig. 11) confirmed that HT films give an anodic 
protection for the substrates, therefore, the anodic polarization curves 
were used to evaluate the corrosion resistance of all the substrates 
without and with HT films. Fig. 12 presents the anodic polarization 
curves of the HDG, ZA, and ZAM substrates and HT film-coated samples, 
which were immersed in 0.1 M NaCl solution during a 24 h period. The 

results of corrosion potential (Ecorr), corrosion current densities (icorr), 
and the anodic Tafel slopes (ba) of all samples were listed in Table 5. The 
Ecorr values of the bare HDG, ZA, and ZAM substrates were − 1.06 ±
0.05, − 1.05 ± 0.03, and − 1.03 ± 0.06 V (vs. Ag/AgCl) respectively, 
while these values of the HT film-coated HDG, ZA, and ZAM samples 
were improved up to − 1.00 ± 0.04, − 0.96 ± 0.07, and − 0.94 ± 0.05 V 
(vs. Ag/AgCl), respectively (Table 5). In comparison with the ba values 
of all the bare substrates, these values of HT-HDG, HT-ZA, and HT-ZAM 
samples increased significantly, which implies that the HT films can 
block the anodic zones and hinder the anodic reaction [40]. This result 
led to an obvious decrease in corrosion current density of all HT films 
compared with bare substrates (Table 5). The decrease of icorr values 
implied that the corrosion resistance of all the substrates was signifi
cantly enhanced with the HT film-coated, which was mainly due to the 
effective inhibition of the penetration of chlorides ions into the HT films. 

The EIS was used to study the corrosion resistance and corrosion 
protection mechanism of the bare substrates and HT films during im
mersion in 0.1 M NaCl (Fig. 13 and Table 6). The impedance diagrams 
were fitted by electrochemical equivalent circuit (EEC) to clarify the 

Fig. 10. EDS maps of the surface of HDG (a), HT-HDG (b), ZA (c), HT-ZA (d), ZAM (e), and HT-ZAM (f) samples after exposure to 0.1 M NaCl for 24 h.  
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anti-corrosion behavior of the bare substrates and HT films (Fig. 14). 
The structural characteristics results of all samples before and after 
exposure to 0.1 M NaCl showed the film heterogeneity. Therefore, to 
reflect the heterogeneity of the composition, the constant phase element 
(CPE) was used as a substitute for pure capacitance (C). The relationship 
between CPE and C was calculated by C = CPE (ωmax)n-1, where the CPE 

and n parameters are used to describe the electrode's response [41]. The 
impedance diagrams of all the bare substrates clearly presented two time 
constants after 2 h, thus the model Rs(CPEf1(Rf1(CPEdlRp))), where Rs 
was the solution resistance, Rf1 and CPEf1 were representative of the 
outer film, and, Rp and CPEdl were related to the double layer, was used 
for the EIS fitting results (Fig. 14.a). The first time constant seen in the 
medium frequency region, was related to the outer films composed by 
the Zn, Al, and Mg oxides/hydroxides [27]. The Rf1 values of the HDG, 
ZA, and ZAM substrates after 2 h of immersion were 1167, 1366, and 
1578 Ω⋅cm2, respectively, indicating that the barrier properties of those 
films were relatively similar. The second time constant associated with 
the electrochemical process of all the bare substrates at the interface can 
be observed in the low frequency regions after 2 h. The Rp values of the 
HDG, ZA, and ZAM gained 1184, 1862, and 4948 Ω⋅cm2, respectively, 
confirming that the corrosion protection of ZAM substrate was sharply 
higher than those of the other two substrates. The two time constants 
were also observed for the ZA and ZAM substrates after 24 h of im
mersion and the same EEC was used (CPEf1(Rf1(CPEdlRp))) (Fig. 14.a). 
Combining with the results from XRD, XPS, SEM/EDS analysis after 24 h 
of those samples, the Rf1 and CPEf1 were related to the Zn-Al-CO3 HT 
corrosion product film. The Rp values of the ZA and ZAM substrates 
reduced after 24 h, indicating a decrease of the corrosion protection of 
those samples. However, there was only one time constant for the HDG 
substrate after 24 h, which indicated that the corrosion products merged 
into one layer [27]. The fitted model Rs(CPEdlRp) was selected for the 
HDG substrate after a exposure time of 24 h (Fig. 14.b). 

The electrochemical impedance diagrams of HT-HDG and HT-ZA 
samples showed three time constants in the given period, therefore, 
the model Rs(CPEf1(Rf1(CPEf2(Rf2(CPEdlRp))))) was suitable for the EIS 
results (Fig. 14.c). Combining with structural and surface analysis re
sults, the Rs was the solution resistance, Rf1 and CPEf1 were related to the 
oxide film, Rf2 and CPEf2 were representative of the electrochemical 
behavior of the Zn-Al-CO3 HT film and, finally Rp and CPEdl were 
associated with the double layer. In contrast, two time constants can be 
observed from the HT-ZAM impedance diagrams during the exposure 
time. The fitted model Rs(CPEf1(Rf1(CPEdlRp))), where Rf1 and CPEf1 
were related to the Zn-Al-CO3 HT film and, Rp and CPEdl to the double 
layer (Fig. 14.a). The previous works showed that the dissolution of the 
Mg from ZAM substrates buffered the pH at cathodic regions inhibiting 
the ZnO formation [4,42,43]. Therefore, the amount of ZnO and MgO 
crystallites formed on HT-ZAM surfaces was very small and there was 
not time constant of the oxide film in the HT-ZAM impedance diagrams, 
which completely matched the corrosion product results of HT-ZAM 
sample. The HT-HDG Roxide values showed an upward trend from 182 
to 489 Ω⋅cm2, while those of HT-ZA showed a downward trend from 167 
to 98 Ω⋅cm2. Although these oxide film's barrier properties were rela
tively low, they can affect the stability of the HT films and double layer 
[27]. After 2 h, the HT-ZA CPEHT value (2.34 × 10− 5 Ω− 1⋅sn⋅cm− 2), was 
not much different from the HT-HDG CPEHT value (3.68 × 10− 5 

Ω− 1⋅sn⋅cm− 2), which significantly lower than that of HT-ZAM sample 
(8.89 × 10− 5 Ω− 1⋅sn⋅cm− 2). The lower CPEHT values of HT-ZA and HT- 
HDG confirmed the relatively denser HT film formed in these sub
strates. The CPEHT value of all HT films rose after 24 h (Table 6), 
showing that the exposure of HT films with porous structure to elec
trolyte solution reduced their compactness. The HT-ZA RHT value was 
6240 Ω⋅cm2 after immersion of 2 h, which was considerably higher than 
those of HT-HDG (4803 Ω⋅cm2) and HT-ZAM (4589 Ω⋅cm2) samples 
(Table 6). However, this value of HT 5/3 on EG steel (8681 Ω⋅cm2) in our 
previous study was slightly higher than that of HT-ZA [27]. This can be 
explained by the fact that the thickness of HT-ZA and HT 5/3 films was 
larger than those of other two HT films (Fig. 6). Similarly with HT 5/3 
sample [27], the HT-HDG, HT-ZA, and HT-ZAM RHT values reduced to 
4087 Ω⋅cm2, 3522 Ω⋅cm2, and 4411 Ω⋅cm2, respectively, after 24 h. 
Because these HT films were porous, the aggressive species as Cl− can 
easily penetrate and destroy them. Besides, comparing with the RHT 
values of the HT corrosion product film on ZA and ZAM, the HT-ZA and 

Fig. 11. The open circuit potential (OCP) of the HDG, ZA and ZAM substrates 
without and with Zn–Al HT films immersed in 0.1 M NaCl. 

Fig. 12. Potentiodynamic polarization curves in 0.1 M NaCl of the HDG, ZA 
and ZAM substrates without and with Zn–Al HT films. 

Table 5 
The corrosion potential (Ecorr), the corrosion current density (icorr), and the 
anodic Tafel slopes (ba) derived from the polarization measurement of the HDG, 
ZA, and ZAM substrates without and with HT film after exposure to 0.1 M NaCl 
for 24 h.  

Samples Ecorr (V / Ag/AgCl) icorr (μA⋅cm− 2) ba (mV⋅dec− 1) 

HDG − 1.06 ± 0.05 2.40 ± 0.04  44 
HT-HDG − 1.00 ± 0.04 0.17 ± 0.01  82 
ZA − 1.05 ± 0.03 2.00 ± 0.03  65 
HT-ZA − 0.96 ± 0.07 0.25 ± 0.02  94 
ZAM − 1.03 ± 0.06 1.81 ± 0.03  39 
HT-ZAM − 0.94 ± 0.05 0.41 ± 0.02  76  
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HT-ZAM RHT values were sharply higher, conforming that their barrier 
properties were better. Due to HT films formation at a high pH solution, 
the HT nucleation process led to Zn2+ and Al3+ dissolution on the top 

surface of substrates. Therefore, the surface of zinc alloy substrates 
presented cavity and hole morphology under the HT films [26], which 
caused higher HT film CPEdl values compared to those of bare substrates 

Fig. 13. Nyquist and bode plots of the HDG and HT-HDG (a, b), the ZA and HT-ZA (c, d); and the ZAM and HT-ZAM (e, f) samples.  

Table 6 
Parameters of EIS for all samples after exposure to 0.1 M NaCl.  

Samples CPEf1 (Ω− 1⋅sn⋅cm− 2) nf1 Rf1 (Ω⋅cm2) CPEf2 (Ω− 1⋅sn⋅cm− 2) nf2 Rf2 (Ω⋅cm2) CPEdl (Ω− 1⋅sn⋅cm− 2) n Rp (Ω⋅cm2) |Z|10 mHz (Ω⋅cm2) 

HDG-2 h 5.66 × 10− 6  0.89  1167    9.89 × 10− 4  0.94  1184  2378 
HDG-24 h       2.31 × 10− 4  0.76  1409  1738 
HT-HDG-2 h 1.89 × 10− 5  0.7  182 2.34 × 10− 5  0.85  4803 1.08 × 10− 3  0.75  6071  9927 
HT-HDG-24 h 3.01 × 10− 5  0.74  489 7.24 × 10− 5  0.75  4087 1.32 × 10− 3  0.83  8777  8615 
ZA-2 h 1.09 × 10− 5  0.78  1366    1.49 × 10− 3  0.84  1862  3419 
ZA-24 h 3.23 × 10− 4  0.8  2072    7.59 × 10− 3  0.9  1430  2773 
HT-ZA-2 h 1.31 × 10− 5  0.66  167 3.68 × 10− 5  0.76  6240 1.38 × 10− 3  0.91  7837  10,433 
HT-ZA-24 h 2.08 × 10− 5  0.74  98 5.47 × 10− 5  0.77  3522 1.70 × 10− 3  0.93  5528  7386 
ZAM-2 h 4.42 × 10− 5  0.78  1578    4.65 × 10− 4  0.62  4948  4351 
ZAM-24 h 1.75 × 10− 4  0.8  985    6.67 × 10− 4  0.6  1513  2691 
HT-ZAM-2 h 8.89 × 10− 5  0.68  4589    1.24 × 10− 3  0.95  8294  9526 
HT-ZAM-24 h 3.46 × 10− 4  0.61  4411    3.52 × 10− 3  0.92  4789  4319  
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during immersion time (Table 6). However, the CPEdl value of all HT 
films increased slightly after 24 h (Table 6). This can be explained by the 
dense packing of HT films, which decreased the migration of Cl− anions 
to the underlying zinc alloy coatings. The impedance modulus value at 
10 mHz (|Z|10 mHz) and Rp values of all HT films were considerably 
higher than those of bare substrates (Table 6), suggesting that the 
corrosion resistance of the substrates coated with HT films was 
enhanced significantly [13]. The HT-HDG Rp values raised from 6071 to 
8777 Ω⋅cm2, while the HT-ZA and HT-ZAM Rp values reduced sharply 
from 7837 to 5528 Ω⋅cm2 and from 8294 to 4789 Ω⋅cm2. The HT-HDG 
Roxide value after 24 h was sharply higher than that of HT-ZA samples, 
confirming the large amount of ZnO crystallites formed by recrystalli
zation of Zn2+ ions. These ZnO crystallites sealed the damaged areas of 
HT-HDG film and HDG surface substrate, as observed from the SEM 
analysis results (Fig. 9). In contrast, it was observed that the small 
amount of ZnO crystallites was precipitated on the HT-ZA and HT-ZAM 
surfaces, which cannot seal and repair the damaged areas (Fig. 9). 
Therefore, the HT-HDG was significantly more effective against corro
sion by Cl− ions and acquired better performance. 

3.4. Discussion 

From the characterization and surface morphology results, the 
mechanism of Zn-Al-CO3

2− HT growth process can be proposed (Fig. 15). 
The zinc and aluminum metals can be active in the high pH solutions. In 
contrast, magnesium metal did not participate in the HT growth process. 
Therefore, the zinc alloys containing aluminum provided Zn2+ and Al3+

from the dissolution of the substrates in the pH 12 solution [14,26]: 

Zn(s)+ 2OH− →ZnO(s)+H2O+ 2e− (1)  

ZnO(s)+H2O+OH− →Zn(OH)3
− (2)  

2Al(s)+ 2OH− + 6H2O→2Al(OH)4
−
+ 3H2(g) (3) 

The CO2 dissolution from the air provided CO3
2− anions [26]: 

CO2(g)+ 2OH− →CO3
2− +H2O (4) 

The Zn(NO3)3 and Al(NO3)3 salts added to the reaction mixture also 
provided Zn(OH)3

− and Al(OH)4
− for HT film formation [27]: 

Zn2+ + 3OH− →Zn(OH)3
− (5) 

Fig. 14. Electrochemical equivalent circuit for the EIS data fitting of bare substrates and Zn–Al HT films.  

Fig. 15. The mechanism of HT growth process on HDG, ZA and ZAM substrates. Dissolution of the substrates and formation of ZnO (a), HT nucleation process (b), 
and HT deposition on substrate surfaces. 
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Al3+ + 4OH− →Al(OH)4
− (6)  

12Al(OH)4
−
+ 6Zn(OH)3

−
+CO3

2− + xH2O→Zn6Al12(OH)6(CO3)⋅4H2O
+ xOH−

(7) 

The elemental compositions and roughness of the zinc coated steel 
substrates showed insignificant influence on the chemical compositions 
and structure of the Zn–Al HT films. However, they significantly 
affected the deposition of HT crystallites on these substrates, which were 
expressed in morphology, thickness, and porosity differences of HT 
films. 

Fig. 16 presented the schematic representation of the corrosion 
protection of Zn–Al HT films on the HDG, ZA and ZAM substrates in 0.1 
M NaCl solution. In the aggressive environments containing Cl− ions, the 
dense HT coated-films played a physical protective layer, which isolated 
Cl− ions and the zinc coated steel substrates (Fig. 16.a) [44]. On expo
sure with corrosion anions, the HT coated-films started exchange of 
CO3

2− ions with Cl− ions, thus these Cl− ions were captured and 
restricted to move in the HT interlayer (Fig. 16.b) [19,27]. Therefore, 

the HT films decreased the possibility of Cl− coming into contact with 
the zinc coated steel substrates and impeded the corrosion of these 
substrates. The ion-exchange reaction of the HT coated-films on all the 
zinc coated steel substrates in the aggressive environments containing 
Cl− ions was given as follows [27]: 

Zn − Al − CO3
2− − HT+ 2Cl− →Zn − Al − 2Cl− − HT+CO3

2− (8) 

Besides, when a small amount of Cl− ions passed through the HT 
interlayer and reacted with top layer of these substrate, the pH and ion 
contents in the solution near these areas were changed. The HT crys
tallites were cracked and partially destroyed under the stress, releasing 
Zn2+ and Al3+ ions (Fig. 16.c1 and c2) [39]. From XPS results (Fig. 8.c), 
the dissolution of the ZAM coating at the corroded sites provided Mg2+

cations (Fig. 16.c2), which led to the formation of Mg oxidized corrosion 
products and interfered with the formation of ZnO [4]. Then the ZnO 
crystallites formed on the corrosion cracking zone of HT-HDG and HT- 
ZA due to self-healing effect, healing the corrosion pits and providing 
the protective layer (Fig. 16.d1). In contrast, the ZnO and MgO forma
tion on HT-ZAM samples was not enough to provide the oxide layer on 
HT film (Fig. 16.d2). 

Fig. 16. Corrosion protection mechanism of the Zn–Al HT film-coated samples. HT played a physical protective layer (a), ion exchange between CO3
2− and Cl− in the 

HT interlayer (b), partial destruction of HT crystallites and top layer of substrates under the stress and releasing Zn2+, Al3+, and/or Mg2+ cations (c1 and c2), metal 
oxides formation on HT surfaces (d1 and d2). 
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4. Conclusions 

The Zn–Al HT intercalated with carbonate anions films were suc
cessfully developed on the different zinc alloys coated steel at room 
temperature and pH 12. These results presented that the changes of 
compositions and roughness of the zinc coated steel substrates did not 
affect the HT film's structure, however, they had notable effects on the 
morphology, thickness, porosity, and corrosion resistance behavior of 
these films. Comparing with the bare zinc alloys substrates, the samples 
covered by HT films showed a considerably enhanced anti-corrosion 
during exposure time in a sodium chloride solution. Moreover, the 
HT-HDG samples retained the anti-corrosion, while the corrosion pro
tection of HT-ZA and HT-ZAM was reduced with immersion for 24 h. The 
inhibitive effect of HT films can be elucidated from main factors: the 
physical protective layer and the ion-exchange and competitive 
adsorption for Cl− ions. Moreover, the corrosion protection of HT-HDG 
and HT-ZA can be affected by the deposition of ZnO on the HT films and 
corrosion zones. For the case of HT-ZAM, the formation of Mg oxidized 
corrosion products interfered with the formation of ZnO at the interface. 
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