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A B S T R A C T

ZnAl hydrotalcite (HT) conversion layers were formed on electrogalvanized (EG) steel surfaces at room tem
perature for two different durations and evaluated as surface treatments. Fourier-transform infrared spectroscopy 
(FT-IR), X-ray diffraction (XRD), and scanning electronic microscopy with energy-dispersive X-ray spectroscopy 
(SEM/EDS) confirmed the formation of ZnAl HT hexagonal crystallites, which were formed as a continuous layer 
on EG steel surface under varying synthesis durations. Polarization curve analysis and electrochemical imped
ance spectroscopy (EIS) demonstrated that the HT layers improved the corrosion protection of the EG steel 
substrate. Notably, the HT layer formed with a longer duration exhibited better corrosion resistance. To evaluate 
the influence of HT layers on the adhesion and corrosion resistance of applied organic coatings, an acrylic coating 
was applied over the HT-treated surfaces and subjected to pull-off tests, salt spray testing, EIS, and local elec
trochemical impedance spectroscopy (LEIS). Results showed that the HT layers significantly enhanced adhesion 
between the EG steel substrate and the acrylic coating, and the acrylic systems with HT layers effectively 
mitigated corrosion of the EG steel. However, the HT layer formed with a shorter duration exhibited a superior 
influence on the barrier property and adhesion of the acrylic coating.

1. Introduction

Given their more negative corrosion potential compared to iron, zinc 
and its alloys are extensively used as sacrificial anodic coatings (galva
nized coatings) to protect steel substrates in the transport and con
struction industries [1]. However, due to the high electrochemical 
reactivity of zinc, its corrosion rate can be extremely high under atmo
spheric conditions, forming a loosely bound corrosion product 
commonly referred to as white rust [2–4]. Recently, polymer coatings 
have been employed to extend the longevity of galvanized coatings 
[5–7]. The zinc coatings inherently exhibit limited adhesion strength to 
polymer coatings [8]. For this reason, applying a pretreatment or con
version layer is essential to modify the surface chemical properties of 
zinc coatings, enhancing their adhesion strength to polymer coatings 
and subsequently improving the corrosion protection of the materials.

Chromate and phosphate conversion coatings are extensively 

employed to provide strong adhesion between the substrate and poly
mer coatings, as well as protect zinc surface due to their self-healing 
capability, effective corrosion resistance, and straightforward applica
tion [9–11]. In traditional pretreatment, the chromate coatings contain 
elevated levels of Cr6+ salts, which pose a significant risk of toxicity and 
carcinogenic effects [12]. The application of phosphate conversion 
coatings also presented several limitations, including the necessity for 
an additional pore-sealing step and frequent removal of sludge 
byproducts [13,14]. Furthermore, the phosphating process typically 
operates at elevated temperatures, leading to increased energy con
sumption and associated costs [13]. Various pretreatment/conversion 
layers, including those based on molybdate, silane, rare earth metals, 
and hydrotalcite (HT), have been suggested in place of chromate and 
phosphate conversion coatings [9,15–17].

Hydrotalcite, also known as a layered double hydroxide, is an 
anionic clay characterized by a highly tunable brucite-like layered 
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structure. The HT structure includes octahedral holes in a brucite-like 
layer, hosting divalent (M2+) and trivalent/tetravalent (M3+/M4+) cat
ions, and the anions (An-) are located in main hydration layers to charge 
equilibrium [18–21]. Through intercalation, anionic corrosion in
hibitors can be incorporated into the nanoscale interlayer galleries of 
HTs [22,23]. The resulting inhibitor-loaded HTs act as nanocontainers 
capable of storing and gradually releasing inhibitors in a sustained and 
controlled fashion. In addition, the HT can entrap aggressive ions like 
Cl− within the interlayer region, decreasing Cl− ions concentration be
tween HT interface and surface of substrates, subsequently reducing the 
metal’s corrosion rate [18,23]. Another advantage is that HTs can be 
directly grown on metallic substrates, forming adherent protective 
layers via relatively simple synthesis routes [21,24,25]. Recently, in situ 
growth techniques have been explored for the fabrication of HT-based 
conversion layers, enabling the development of uniform, strongly 
bonded layers with enhanced barrier and self-healing properties 
[26,27].

The methods, such as in-situ growth and hydrothermal treatments, 
were investigated to apply HT layers on zinc alloys [28–32]. Zhe
ludkevich et al. created ZnAl-NO3 HT layers on pure zinc substrate by 
immersing the metal in mixture solution containing both Al(NO3)3 and 
NaNO3 (pH 3.2) at 90 ◦C using a one-step synthesis route [30,33]. Their 
results elucidated the time-dependent growth mechanism of HT layers 
and established a clear correlation between reaction duration and sur
face characteristics. The study demonstrated that a continuous, well- 
developed HT layer fully covering the zinc surface formed after 
approximately 20 h of treatment. Hoshino et al. investigated the for
mation of ZnAl-CO3 HT layers on EG steel substrates using Na2Al2O4- 
based solutions containing KNO3, NH4NO3, and Zn(NO3)2, with the so
lution pH ranging from 11.5 to 13.3 for 16 h at room temperature [28]. 
They reported that both the growth behavior and the protective per
formance of the HT layers were strongly governed by the pH of the 
precursor solution. Their results revealed that corrosion resistance 
improved with increasing pH up to ~12.6, beyond which excessive 
alkalinity led to ZnO formation and a consequent decline in protection. 
An interesting aspect is that the formation mechanism of HT differs 
fundamentally between acidic and alkaline environments: in acidic 
media, ZnOH+ and Al(OH)4

− acted as the main precursors, whereas in 
alkaline solutions the process was dominated by Zn(OH)3

− and Al(OH)4
−

species [28,30]. Consequently, the nucleation and subsequent crystal 
growth pathways differ under these two conditions, leading to distinct 
HT morphology. Amanian et al. systematically examined the influence 
of processing duration, with immersion times ranging from 2 to 24 h, on 
the formation of ZnAl-CO3 HT layers on EG steel and their subsequent 
effect on corrosion resistance and adhesion of epoxy-polyamide coatings 
[8,34]. Their findings demonstrated that extending the treatment time 
up to an optimal duration of approximately 16 h significantly enhanced 
corrosion protection and the adhesion of top coating. This improvement 
was attributed to the growth of HT nanosheets, which increased surface 
roughness and thereby promoted stronger mechanical interlocking at 
the polymer–metal interface. However, they also observed that exces
sively prolonged treatment times adversely affected performance. In 
particular, overgrowth of HT led to excessive surface roughness and 
wettability, which reduced barrier effectiveness and, consequently, 
corrosion resistance.

In our previous studies, the ZnAl-CO3 HT layers were synthesized on 
different zinc alloy coated steel substrates by immersing the samples in a 
mixed aqueous solution containing Al(NO3)3 and Zn(NO3)2 at pH 12 and 
room temperature [29,35]. The results demonstrated that these HT 
layers acted as effective protective barriers, capable of delaying sub
strate corrosion by impeding the ingress of aggressive species. Similar to 
other studies on the synthesis of ZnAl-CO3 HT layers in alkaline envi
ronments [8,28], the preparation process in our work was relatively 
time-consuming, with a total synthesis duration of approximately 22 h, 
which may represent a limitation for the practical application of this 
approach. Moreover, the resulting HT layers were relatively thick and 

porous, which could reduce their efficiency in improving the corrosion 
resistance and adhesion of subsequent organic coatings. Therefore, the 
present study aims to shorten the HT layer preparation time on EG steel 
substrates to 7 h and to compare the resulting structure and corrosion 
resistance with those obtained from the conventional 22 h treatment. In 
addition, this work specifically investigates the influence of HT layers on 
the adhesion and corrosion protection of organic coatings. To contribute 
to the HT treatment more evidently, an acrylic coating is selected as the 
topcoat because of its comparatively weaker barrier performance than 
more robust systems such as epoxy or polyurethane. This strategy allows 
the role of the HT interlayer in enhancing coating performance to be 
more clearly identified.

2. Materials and methods

2.1. Materials

The organic coating is Diial BR 116 acrylic resin from Mitsubishi, 
dissolved in xylene. The xylene content is 60 %. All chemicals employed 
in this investigation are of analytical quality, including: NaOH, NaCl, Al 
(NO3)3⋅9H2O, Zn(NO3)2⋅7H2O, ZnCl2, and NH4Cl.

XC35 carbon steel specimens (60 × 40 × 2 mm) were employed as 
substrates for electrogalvanized steel. The chemical composition of the 
substrate was (wt%): C 0.35, Mn 0.65, Si 0.25, P 0.035, S 0.035, with Fe 
as the balance [36].

2.2. Electrogalvanized steel preparation

The investigated substrate was electrogalvanized (EG) steel, pre
pared from XC35 carbon steel specimens. The samples were cleaned in a 
60 g/L UDYPREP-110EC solution at 60 ◦C for 10 min, rinsed with water, 
and subsequently immersed in a 10 % HCl solution for 3 min before zinc 
electroplating [37]. The electrodeposition process used two platinum- 
coated titanium counter electrodes. Zinc electroplating was performed 
in an electrolyte bath composed of ZnCl2 (60 g/L) and NH4Cl (250 g/L), 
with the pH solution controlled within the range of 5–5.5. Electrolysis 
was carried out at a direct current density of 2 A/dm2 at room tem
perature for 40 min. The roughness and thickness of the zinc deposit 
were 1.0 ± 0.1 μm and 10.0 μm, respectively.

2.3. Preparation ZnAl HT layers on EG steel substrates

Before preparing ZnAl HT layers, the EG steel substrates were treated 
with ultrasonic agitation in acetone for 30 min and washed with com
mercial Gardoclean alkaline solution, ethanol, and distilled water [29]. 
The HT layers synthesis was carried out at room temperature. The so
lution baths were created by dissolving and stirring 0.05 M Al(NO3)3 
with 0.2 M NaOH in distilled water, followed by addition of 0.03 M Zn 
(NO3)2. The pH of mixture reaction was set to 12 by adding 1 M NaOH. 
The HT layers were synthesized by immersing EG steel substrates in 
precursor baths under two different conditions. For the HT-1 layer, the 
substrates were immersed for 2 h under continuous stirring, followed by 
5 h without agitation. For the HT-2 layer, immersion was carried out for 
6 h under stirring and followed by 16 h of static immersion. The total 
process duration of HT-1 was reduced from 15 h to HT-2. The produced 
HT layers were cleaned with distilled water and subsequently dried at 
70 ◦C.

2.4. Preparation of acrylic coatings

The acrylic resin was stirred with xylene for 24 h before applying it to 
EG steel without and with HT layers. The acrylic coatings were applied 
by using spin-coating technique (350 rpm for 20 s) and then dried 
naturally at room temperature for two weeks. The dried coating thick
ness was determined at around 32 ± 5 μm (assessed by utilizing Minitest 
600 Erichen digital meter).
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2.5. Methods

FTIR spectra of the HT layers were recorded using a Nexus 670 
Nicolet spectrometer in the wavenumber range of 4000–500 cm− 1 at 
room temperature. The structure of HT layer samples was studied by 
XRD, which was collected by Siemens diffractometer D5000 using CuKα 
radiation (0.15406 nm) in the 2θ range from 2◦ to 70◦ with a rate of 2.6◦

min− 1. The morphology and elemental composition of the EG steel and 
HT layers were examined using Field Emission Scanning Electronic 
Microscope (FE-SEM, Hitachi SU8020) equipped with an energy 
dispersive X-ray spectroscopy (EDS) system.

The optical photographs of acrylic coating on EG steel in the absence 
and presence of HT layers were observed by Keyence VH-Z100 3D digital 
microscope. The adhesion strength for all acrylic coating systems was 
evaluated using a pull-off test (following ASTM D4541 standard) and the 
cross-hatch adhesion test in accordance with ASTM D3359 (Elcometer 
1542). Salt spray testing was conducted on intact acrylic coating systems 
using a QFOGCCT-600 chamber, following ASTM B117 standards.

Electrochemical behavior of EG steel and HT layers immersed in 0.1 
M NaCl was investigated by using EIS and polarization curves. The 
electrochemical tests were recorded by a Biologic VSP300 apparatus 
using a classical three-electrode cell, comprising a platinum counter 
electrode, an Ag/AgCl (saturated KCl) reference electrode, and the 
sample as the working electrode (exposed area = 1 cm2). Before each 
test, the samples were immersed for 15 min to stabilize the open-circuit 
potential (OCP). The EIS measurements were performed over a fre
quency range of 100 kHz to 10 mHz using 50 points and a sinusoidal 
perturbation of 10 mV (peak-to-peak). Polarization scans were recorded 
from 0.03 V to − 0.40 V and from − 0.03 to 0.40 V (vs. OCP (V/Ag/AgCl)) 
with a scan rate of 0.2 mV s− 1. The corrosion protection of acrylic 
coating systems was evaluated in 3.0 wt% NaCl by EIS. The same 
experimental conditions were employed for EIS measurements on un
coated samples; however, the acrylic coating systems were studied with 
an exposed area of 7.06 cm2, using 6 points per decade with 30 mV of 
amplitude. The measurements were performed in triplicate to ensure 
reproducibility.

LEIS techniques were utilized to evaluate the active corrosion 
properties of acrylic coating systems. Measurements were performed 
using a Biologic M470 scanning electrochemical workstation. Sample 
preparation involved introducing an artificial scratch of 100 ± 10 μm to 
each coated surface. The experimental setup comprised a five-electrode 
configuration within a 1 mM NaCl solution. A carbon circular grid, 
functioning as the counter-electrode, encircled the 10 mm × 10 mm 
region of interest. An Ag/AgCl (saturated KCl) reference electrode was 
positioned proximally to the analyzed area. A platinum bi-electrode 
probe was precisely positioned approximately 200 μm ± 50 μm above 
the sample surface and moved across the analyzed region with a step size 
of 500 μm in both x and y directions. LEIS mappings were acquired at 
frequencies of 1 kHz and 1 Hz from two separate locations on the same 
sample.

3. Results and discussion

3.1. Characterization and morphology of ZnAl HT layers

The XRD patterns of synthesized HT layers are presented in Fig. 1. 
The patterns of all HT layer samples at around 11.66◦, 23.58◦, and 
34.60◦ corresponded to (003), (006), and (012) reflection peaks, 
respectively, which were characteristic of HT structure intercalated with 
carbonate (JCPDS No. 48–1022). The intensity of HT-2 characteristic 
peaks was significantly higher than that of HT-1 ones, indicating a 
greater quantity of deposited HT crystals on EG steel surface with 
extended reaction durations. In addition, the reflections attributed to 
zinc oxide (ZnO) peaks cannot be observed for both samples.

The structure of ZnAl HT layers was confirmed by the FT-IR spec
troscopy (Fig. 2). The broad absorption band around 3400 cm− 1 was 

assigned to O–H stretching vibration of interlayer water molecules and 
metal hydroxyl groups, and the peaks near 1575 cm− 1 corresponded to 
the bending vibration of water molecules [34,35]. The 1350 cm− 1 

characteristic peak was related to C–O stretching vibration, confirming 
the presence of carbonate ions in HT interlayer [15,28]. The bands 
appearing from 800 to 500 cm− 1 were associated with vibrational modes 
of M-O, M-OH, M-O-M, and O-M-O (M: Zn and Al) [15,35].

The morphology of bare EG steel substrate and prepared HT layers 
with different reaction time is shown in Fig. 3. It is clear that two HT 
layers exhibited a hexagonal crystal structure when grown on the sub
strate surface, consistent with our previous findings [29,35]. Fig. 3.b2 
and c2. showed that the HT-2 hexagonal crystallites exhibited a notably 
larger size compared to those of HT-1. The crystallites of both HT-1 and 
HT-2 close to surfaces were arranged in an alternating staggered pattern 
(Fig. 3.b1 and c1), however, the HT-2 layer, which was larger, exhibiting 
a slanted stagger, and demonstrating greater uniformity, was expected 
to offer enhanced effectiveness in preventing the penetration of 
aggressive ions and protecting the substrate from corrosive environ
ments. The EDS results (Table 1) showed that the HT layers primarily 
consisted Zn, O, and Al elements, with variations in their distribution 
across the examined areas. As the extended reaction duration, there was 
a reduction in the Zn content, accompanied by an increase in the per
centages of Al and O, suggesting a growth in the thickness of HT con
version layer.

Fig. 4 shows cross-sections of HT layers at various treatment times, 
demonstrating that the treatment duration influenced the thickness of 
the HT layers. Longer treatment time resulted in increased HT layer 

Fig. 1. XRD patterns of EG steel, HT-1 and HT-2 samples. ●: HT and ◊: zinc.

Fig. 2. The FTIR spectra of HT-1 and HT-2 samples.
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thickness. However, visible gaps were observed within the HT layer’s 
cross-sections, which may reduce their effectiveness in providing anti- 
corrosion.

3.2. Corrosion protection of the ZnAl HT layers

The polarization curves (Fig. 5) indicated that the samples with ZnAl 
HT layers exhibit lower anodic and cathodic current densities compared 
to the bare sample. Rather similar cathodic current densities were 
measured for HT-1 and HT-2 samples (slightly lower with the HT-2 
layer). At − 1.2 V of corrosion potential, the current density values for 
the HT-1 and HT-2 layers were 2.05 × 10− 5 and 1.65 × 10− 5 A⋅cm− 2, 
respectively. However, the HT-2 layer exhibited significantly lower 
anodic current densities compared to the HT-1 layer. At a corrosion 
potential of − 0.8 V, the current density value for the HT-2 layer was 
1.85 × 10− 4 A⋅cm− 2, notably lower than the 5.89 × 10− 4 A⋅cm− 2 

recorded for the HT-1 layer. The decrease in polarizing current for the 

HT-treated samples suggested that the ZnAl HT conversion layers 
enhanced the anti-corrosion of the EG steel substrates. Among these, the 
ZnAl HT-2 sample showed the lowest current density, implying that a 
longer HT treatment duration can further inhibit corrosion of EG steel 
substrate.

Fig. 6. presents Nyquist and Bode plots for EG steel and HT layer 
samples after 24 h in 0.1 M NaCl. For bare EG steel, two time constants 
(TCs) were observed, and the EIS data were accordingly fitted using the 
equivalent electrical circuit (EEC) shown in Fig. 7.a. Specifically, the 
medium frequency TC can be related to the native zinc oxide/hydroxide 
layer deposited on surface of bare substrate as corrosion products in 
chloride-containing corrosive environment [35,38], and was 

Fig. 3. SEM images of EG steel (a), HT-1 (b), and HT-2 (c) samples.

Table 1 
EDS test results of EG steel and HT samples.

Sample Element content (wt%)

Zn Al O C

EG 96.6 ± 1.5 – 1.5 ± 0.2 1.9 ± 0.2
HT-1 1 77.2 ± 1.4 2.9 ± 0.3 17.8 ± 0.5 2.1 ± 0.1
HT-1 2 54.7 ± 1.1 6.6 ± 0.4 36.2 ± 0.9 2.5 ± 0.2
HT-2 1 70.8 ± 1.3 6.4 ± 0.4 20.6 ± 0.7 2.2 ± 0.1
HT-2 2 47.1 ± 1.0 10.2 ± 0.5 40.3 ± 1.1 2.4 ± 0.2

Fig. 4. SEM of the cross-sections of HT-1 sample (a) and HT-2 sample (b).

Fig. 5. Polarization curves of EG steel and HT samples after 24 h in 0.1 M NaCl.
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represented by Rf1 and CPEf1. The second TC, appearing at lower fre
quencies, corresponded to electrochemical processes occurring at the 
metal/electrolyte interface. It is modeled by the double layer constant 
phase element (CPEdl) in parallel with the charge transfer resistance 
(Rct). Consistent with our previous studies, three TCs can be identified in 
the impedance spectra of the HT layers (Fig. 7.b) [15,29,35]. In this 
model, Rs, Rf1, Rf2, and Rct corresponded to solution resistance, resis
tance of oxide layer, resistance of HT layer, and charge transfer resis
tance, respectively. Similarly, CPEf1, CPEf2, and CPEdl were associated 
with the capacitance of the oxide layer, HT layer, and double layer, 
respectively.

The resistance values of Rf1 and Rf2 for HT-2 sample were 106 and 
2805 Ω⋅cm2, respectively, which were slightly higher than those recor
ded for HT-1 sample (78 and 2206 Ω⋅cm2). Moreover, the CPE values 
associated with the capacitance of oxide layer (2.02 × 10− 5 

Ω− 1⋅sn⋅cm− 2) and HT layer (9.05 × 10− 5 Ω− 1⋅sn⋅cm− 2) in the HT-2 
sample were smaller than the corresponding values in HT-1 sample 
(Table 2). The higher Rf1 and Rf2 values, along with lower CPEf1 and 
CPEf2 values, indicated that the HT-2 layer was denser and exhibited 

improved corrosion resistance compared to HT-1 layer. This enhance
ment can be linked to greater thickness of the HT-2 layer resulting from a 
longer treatment time (Fig. 4). In general, greater values of |Z| 10 mHz 
and Rct are indicative of improved corrosion resistance [15,39]. The |Z| 
10 mHz values of EG steel, HT-1, and HT-2 samples after 24 h were 1492, 
4403, and 5440 Ω⋅cm2, respectively (Table 2). Correspondingly, the Rct 
values were 683, 2751, and 3407 Ω⋅cm2 (Table 2). Both HT layers 
exhibited significantly higher |Z| 10 mHz and Rct values compared to the 
uncoated EG steel, with the protective performance following the order: 
HT-2 > HT-1 > EG steel. After 24 h of immersion in 0.1 M NaCl, the |Z| 
10 mHz values of the HT-1 and HT-2 layers were lower than those re
ported for ZnAl-CO3 HT layers formed on zinc alloy coated steel sub
strates such as ZnAl and ZnAlMg alloys, indicating comparatively lower 
corrosion resistance [29]. In contrast, when the HT-2 layer was 
compared with the HT layer prepared on another EG steel substrate 
under identical synthesis and electrochemical testing conditions, no 
significant difference in the |Z| 10 mHz value was observed [35]. This 
suggests that, for electrogalvanized substrates, the corrosion protection 
efficiency of the HT layer was not strongly affected by minor variations 

Fig. 6. EIS results of EG steel and HT samples after 24 h in 0.1 M NaCl solution: Nyquist plot (a) and Bode plot (b).

Fig. 7. EEC models used for fitting the EIS data of EG steel and HT samples.

Table 2 
Results of fitted EIS for EG steel, HT layers samples.

Sample 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 Rct (Ω⋅cm2) |Z|10 mHz (Ω⋅cm2)

EG steel 1.02 × 10− 5 0.88 698 – – – 1.32 × 10− 3 0.9 683 1492
HT-1 6.02 × 10− 5 0.65 78 1.43 × 10− 4 0.80 2206 1.20 × 10− 3 0.86 2751 4403
HT-2 2.02 × 10− 5 0.68 106 9.05 × 10− 5 0.81 2805 9.14 × 10− 4 0.88 3407 5440
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in the substrate surface characteristics. Interestingly, the |Z| 10 mHz value 
of the HT-1 layer was similar to that of the ZnAl-CO3 HT layer synthe
sized for 8 h in an alkaline medium on EG steel by Amanian et al. [8], 
which was close to the 7 h synthesis time used in this work. Despite 
variations in the initial reaction bath conditions, the impedance values 
indicated that both coatings exhibit a similar level of corrosion resis
tance. The HT conversion layers improved anti-corrosion of the EG steel, 
and the longer treatment time further enhanced the corrosion protection 
offered by the HT layer. These results were consistent with the corrosion 
resistance trend observed in the polarization curves.

3.3. Corrosion protection of acrylic coating system

Fig. 8. shows the surface of acrylic coatings applied to the bare EG 
substrate and HT layers. The treatment time of the HT layers was found 
to influence the morphology of the top acrylic coatings. Compared to the 
untreated sample, the HT-1 layer did not noticeably alter the surface 
morphology of the acrylic coatings. Some defects were observed in the 
HT sample with a longer treatment time. This sample had a higher 
deposition content and a porous structure, which allowed for a greater 
dispersion of HT within the acrylic matrix during the application of the 
organic coating via the spin coating method. This can be responsible for 
particle agglomeration occurring in certain areas during the formation 
of the acrylic coating, and subsequently causing defects.

EIS tests (Fig. 9) were conducted to quantitatively assess the anti- 
corrosion and further investigate the corrosion mechanism of acrylic 
coating systems immersed in a 3.0 wt% NaCl solution over a 28-day 
exposure period. Generally, the TC at high frequency corresponded to 
the response of the coating, while the TC at low and medium frequency 
was linked to the charge transfer process at the metallic surface beneath 
the acrylic coating [40,41]. The EG/AC and ZnAl HT-1/AC system 
exhibited a second TC after 14 days of immersion, confirming that the 
corrosive medium invades the acrylic coating and then begins to corrode 
the electrode surface. In contrast, the ZnAl HT-2/AC coating systems 
displayed two TCs early in the immersion, which were attributed to 
defects in the acrylic coating that reduced its shielding effectiveness 
(Fig. 9). To better understand the corrosion behavior of the acrylic 
coating systems, the EIS results for acrylic coating systems were 
analyzed using appropriate EEC (Fig. 10). Rs, Rf, and Rct represent the 
electrolyte resistance, acrylic coating resistance, and charge transfer 
resistance, respectively. Additionally, constant phase elements (CPEdl 
and CPEf) were used in place of ideal capacitance to account for the 
system’s heterogeneity. The CPEdl represented the electric double layer 
capacitance, while the CPEf corresponded to the coating capacitance. 
The impedance values at low-frequency in the Bode plots served as a 
quantitative measure of the barrier properties of acrylic coating systems 
(Table 3). At the beginning of immersion, the coating system with HT 
layers showed a higher low-frequency impedance than the EG/AC 
sample (Fig. 9). This improvement is attributed to the HT layers, which 
allow the acrylic resin to wick into and seal microvoids during curing, 
thereby forming a compact, tortuous interphase that hinders ionic 
transport [8,42]. The more complex diffusion pathway created by this 
interphase increases the overall resistance of the coating system. Similar 
results were reported by Xu et al. [24], they found that the incorporation 

of an in-situ ZnAl HT layer led to higher initial impedance values owing 
to its contribution to the overall barrier resistance of the coating system. 
The |Z| 100 mHz for the acrylic coating system without the ZnAl HT 
pretreatment layer decreased significantly from 8.89 × 106 to 8.35 ×
103 Ω⋅cm2 throughout the corrosive test, confirming a gradual decline in 
the barrier performance of acrylic coating on the untreated substrate. 
Notably, after 14 days of immersion, these values for the EG/AC sample 
decreased to around 104 Ω⋅cm2, suggesting that the acrylic coating had 
lost its ability to resist the penetration of corrosive environment. The |Z| 
100 mHz values for the ZnAl HT-1/AC and HT-2/AC samples were sub
stantially greater than the corresponding values in EG/AC sample during 
corrosive test, especially, since the HT-1/AC sample showed the highest 
|Z| 100 mHz values. These findings indicated that the HT layers substan
tially enhanced the anti-corrosion performance of the acrylic coating 
systems. However, the impedance values of acrylic coatings on HT- 
pretreated substrates also decreased noticeably over time.

The fitting results reveal that the EG/AC sample showed the lowest Rf 
values and the highest CPEf compared to the other samples with ZnAl 
HT-pretreated substrates during the corrosion test (Table 3). This in
dicates that the acrylic coating on untreated substrate exhibited weak 
physical barrier properties, allowing water containing corrosive ions to 
easily penetrate through internal defects to the organic coating/metal 
interface [24]. During 28 days of immersion, the ZnAl HT-1/AC sample 
maintained the highest Rf value (1.51 × 107 Ω⋅cm2) and the lowest CPEf 
value (1.31 × 10− 9 Ω− 1⋅sn⋅cm− 2), indicating that the combination of 
acrylic resin and HT layer with shorter treated time effectively pre
vented water penetration and diffusion in corrosive environments. 
Throughout the test, the EG/AC sample consistently had the highest 
CPEdl and the lowest Rct values among all coating systems, indicating 
poor inhibition of corrosion processes at the metal/coating interface. 
Additionally, the EG/AC sample exhibited a rising trend in CPEdl values 
during corrosive test, suggesting a gradual delamination of the acrylic 
topcoat from the zinc substrate [24]. Table 3 showed that the CPEdl 
values of the acrylic coating systems after 28 days of immersion followed 
this order: EG/AC (8.85 × 10− 5 Ω− 1⋅sn⋅cm− 2) > ZnAl HT-2/AC (7.26 ×
10− 7 Ω− 1⋅sn⋅cm− 2) > ZnAl HT-1/AC (1.07 × 10− 7 Ω− 1⋅sn⋅cm− 2), while 
the Rct values exhibited the opposite trend. The significantly lower CPEdl 
values and higher Rct values of the ZnAl HT-1/AC and HT-2/AC samples 
further confirmed that the HT layers greatly enhanced the adhesion and 
barrier properties of acrylic coatings and limited the exposed area to the 
aggressive electrolyte.

Fig. 11. shows the results of a visual inspection of acrylic coating 
systems after 28 days in 3.0 wt% NaCl. As seen, the acrylic coating 
system without ZnAl HT layers exhibited severe deterioration. Both 
“white rust” and “red rust” corrosion products appeared on the EG/AC 
surface, indicating that the acrylic coating alone offered insufficient 
protection for the long-term corrosion resistance of EG steel. Pitting 
corrosion was observed on acrylic coating systems with ZnAl HT layer. 
The corrosion level of ZnAl HT-1/AC was significantly lower than in HT- 
2/AC.

LEIS was employed to assess the localized corrosion protection 
achieved by combining acrylic resin with HT layers. Selecting the 
appropriate frequency for mapping is crucial, so local impedance mea
surements were conducted above artificially scratched acrylic coating 

Fig. 8. Optical photographs of EG/AC (a), HT-1/AC (b), and HT-2/AC (c) coatings by 3D VH-Z100.
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systems. High-frequency LEIS data offer valuable insights into the 
integrity and barrier properties of organic coatings, reflecting their 
resistance to ionic penetration. In contrast, low-frequency LEIS re
sponses are primarily linked to electrochemical processes at the coating- 
substrate interface and within defects, providing information about 
corrosion activity and coating degradation [43].

EIS results revealed that the acrylic coating system incorporating the 
HT layer synthesized for a shorter duration demonstrated enhanced 
corrosion resistance relative to the coating system with the longer- 
treated HT layer. Therefore, the HT-1/AC sample was selected for 

comparison with EG/AC sample by LEIS method. Fig. 12. shows map
pings performed over the scratched area of EG/AC and HT-1/AC sam
ples at 1 kHz after 2 h, 24 h, and 168 h. It can be observed that the 
admittance of scratched regions was distinctly higher than that of the 
intact acrylic coating in all samples. For the EG/AC sample, admittance 
values within the scratched area were higher than those measured in 
acrylic coating systems with HT pretreatment layers during 168 h of 
immersion. Additionally, the growing corrosion activity at the damaged 
area was visible for the EG/AC samples, characterized by increased 
admittance and size of the scratch on mappings with the immersion 
time. This indicated the gradual expansion of the scratched region as the 
corrosive medium penetrated the acrylic coating through artificial de
fects [40]. In the HT-1/AC sample, the admittance values within the 
scratch showed a slight increase over the immersion period. A similar 
trend of gradually increasing corrosion activity at the damaged area was 
observed in the EG/AC samples. However, the growth of the scratch size 
in the HT-1/AC sample was significantly less pronounced compared to 
that in the EG/AC sample.

Mappings performed at 1 Hz for acrylic coating systems during 168 h 
of immersion are reported in Fig. 13. The results show that the 

Fig. 9. Bode plots of intact acrylic coating systems immersed in 3.0 wt% NaCl solution: EG/AC (a, b), HT-1/AC (c, d), and HT-2/AC (e, f) samples.

Fig. 10. EEC models used for fitting the EIS data of acrylic coating systems.
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admittance values over the scratched areas of acrylic coatings with HT 
layer were significantly lower than those observed for EG/AC samples. A 
5–7 order of magnitude increase in admittance was detected at the 
scratch compared to the surrounding coating. The scratch was visible on 
the mappings throughout the test. The admittance values for EG/AC and 
ZnAl HT-1/AC samples increased slightly over time, indicating 
increased corrosion activity at the defects. However, the admittance 
values over the scratched areas of acrylic coatings with HT-1 layer were 
significantly lower than those observed for EG/AC sample. LEIS results 
indicated that the HT layer increased the corrosion resistance perfor
mance in scratched areas.

The adhesion strength for all acrylic coating systems, as determined 
by the pull-off test (Fig. 14). The application of HT layers as a surface 
treatment improved the adhesion of the acrylic coating to the EG steel 
substrate. This effect has been documented in prior studies [8,24,34]. 
However, the duration of the HT layer treatment showed no significant 
influence on the adhesion of the acrylic coating systems in this study. 
Amanian et al. suggested that HT conversion coatings likely increased 
surface roughness, which provided a larger contact area for the adhesion 
of organic coatings [8,34]. This enhanced surface texture promoted 
favorable mechanical interlocking between the HT conversion layer and 
the organic coatings, ultimately improving the dry adhesion of the 
coatings to the substrate. The HT conversion layers contain hydroxyl 

groups, which can interact with the various polar functional groups in 
the acrylic coating, forming hydrogen bonds.

Fig. 14.b–d show the optical photographs of different samples after 
the pull-off tests. For the EG/AC sample without HT layers (Fig. 14.b), 
the surface after detachment appeared relatively clean and inert, indi
cating predominant adhesive failure at the coating/substrate interface. 
In contrast, both HT-1/AC (Fig. 14.c) and HT-2/AC (Fig. 14.d) samples 
showed visible resin residues adhered to the substrate, suggesting a 
mixed or cohesive failure. This behavior can be attributed to the ability 
of the acrylic coating to penetrate into the voids of the HT layers, 
thereby increasing the effective contact area and promoting mechanical 
interlocking. Notably, the HT-1/AC sample retained more resin 
compared with HT-2/AC, suggesting stronger interfacial adhesion in the 
former.

Fig. 15 shows the optical photographs of acrylic coating systems after 
the cross-hatch adhesion test. The EG/AC sample exhibited partial 
coating detachment along the cuts through the coating down to the 
substrate, indicating weaker interfacial adhesion and local loss of 
cohesion (Fig. 15.a). In contrast, both coating systems with HT layers 
(Fig. 15.b and c) maintained well-defined lattice patterns and showed a 
markedly lower degree of flaking and peeling compared with EG/AC 
sample, confirming enhanced adhesion strength. The HT-1/AC coating 
showed a generally intact grid, although slight coating removal was still 

Table 3 
Results of fitted EIS for EG/AC, HT-1/AC, and HT-2/AC samples during 28 days in 3.0 wt% NaCl solution.

Samples Exposure time (days) CPEf (Ω− 1⋅sn⋅cm− 2) nf Rf (Ω⋅cm2) CPEdl (Ω− 1⋅sn⋅cm− 2) n Rct (Ω⋅cm2) |Z|100mHz (Ω⋅cm2)

EG/AC 0 1.01 × 10− 10 0.98 9.30 × 106 – – – 8.89 × 106

1 6.88 × 10− 10 0.97 7.86 × 105 – – – 6.99 × 105

7 8.91 × 10− 10 0.95 2.71 × 105 – – – 2.62 × 105

14 9.98 × 10− 10 0.94 8.86 × 103 2.40 × 10− 6 0.64 5.53 × 104 3.75 × 104

21 1.41 × 10− 9 0.92 5.28 × 103 9.33 × 10− 6 0.63 3.12 × 104 2.01 × 104

28 2.20 × 10− 7 0.71 1.72 × 103 8.85 × 10− 5 0.64 2.66 × 104 8.35 × 103

HT-1/AC 0 3.05 × 10− 11 0.98 1.63 × 1011 – – – 1.37 × 1010

1 6.36 × 10− 11 0.98 6.29 × 1010 – – – 1.50 × 1010

7 8.94 × 10− 11 0.97 2.88 × 1010 – – – 1.38 × 1010

14 1.01 × 10− 10 0.97 3.36 × 109 3.45 × 10− 9 0.69 1.97 × 109 3.08 × 109

21 4.93 × 10− 10 0.96 1.97 × 108 1.40 × 10− 8 0.66 1.53 × 108 2.40 × 108

28 1.31 × 10− 9 0.95 1.51 × 107 1.07 × 10− 7 0.66 9.89 × 106 1.88 × 107

HT-2/AC 0 9.26 × 10− 11 0.98 3.21 × 108 3.26 × 10− 9 0.73 3.86 × 109 5.59 × 108

1 3.90 × 10− 10 0.97 2.87 × 108 3.69 × 10− 9 0.73 2.87 × 109 4.94 × 108

7 6.51 × 10− 10 0.97 1.58 × 108 1.68 × 10− 8 0.71 6.08 × 108 2.04 × 108

14 9.12 × 10− 10 0.96 9.79 × 107 1.73 × 10− 8 0.65 1.42 × 108 1.32 × 108

21 9.84 × 10− 10 0.95 1.46 × 107 2.42 × 10− 7 0.66 9.56 × 106 1.79 × 107

28 6.01 × 10− 9 0.94 9.54 × 105 7.26 × 10− 7 0.67 3.71 × 106 3.53 × 106

Fig. 11. Optical photographs of (a) EG/AC, (b) HT-1/AC, and (c) HT-2/AC acrylic coating systems after 28 days in 3.0 wt% NaCl solution by 3D VH-Z100.
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observed at some intersections. The HT-2/AC sample exhibited slightly 
inferior adhesion to HT-1/AC, accompanied by slight coating flaking 
around the scribed cuts, likely caused by micro-defects within the 
thicker HT layer.

Fig. 16. illustrates the visual inspection results of not scratched 
acrylic coating systems following 168 h salt spray test. Noticeable rust 
and blistered areas appeared on the acrylic coating system applied to EG 
steel without HT treatment layers as early as 72 h into the test (Fig. 16. 
a). With increased exposure time, the deterioration of the EG/AC system 
became severe, showing extensive “white rust” corrosion products and 
expanding blistered areas (Fig. 16.a). In contrast, acrylic coating systems 

on HT-treated samples showed minimal rust and blistering after 72 h 
(Fig. 16.b and c). By 168 h, the HT-2/AC system exhibited white rust 
corrosion and blistered areas, but the degradation was significantly less 
severe than the EG/AC system (Fig. 16.b). The HT-1/AC system 
demonstrated outstanding corrosion resistance, remaining free of 
degradation even after 168 h of salt spray exposure (Fig. 16.c).

4. Discussion

Consistent with previous studies on HT synthesis in alkaline envi
ronments at room temperature [8,28,35], the interlayer anions of the HT 

Fig. 12. LEIS mappings carried out at 1 kHz around the scratched area in 1 mM NaCl for EG/AC and HT-1/AC.
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films were predominantly carbonate, originating from the dissolution of 
atmospheric CO2 in the high-pH precursor solutions. XRD results 
confirmed that the crystal structure of the HT layers was similar irre
spective of the treatment duration, indicating that synthesis time did not 
alter the fundamental layered double hydroxide structure. However, 
treatment time influenced the morphology and thickness of HT layers 
(Fig. 3 and Fig. 4). The prolonged treatment resulted in a thicker coating 
with enhanced surface coverage. This evolution can be attributed to the 
progressive lateral growth and stacking of HT nanosheets during 
extended immersion. Both EIS and polarization curves confirmed that 
the corrosion protection of EG steel was significantly improved by the 

HT conversion layers, with the sample subjected to longer treatment 
(HT-2) exhibiting the highest resistance. This behavior can be explained 
by the enhanced barrier effect of the thicker HT film, which limited the 
direct penetration of chloride ions to the underlying EG steel substrate 
and thereby delayed the corrosion process [25,29].

The role of the HT pretreatment in enhancing the performance of the 
acrylic topcoat was particularly noteworthy in this study. Adhesion 
testing showed that the presence of HT layers enhanced bond strength of 
the acrylic coating to substrate, attributable to increased surface 
roughness and hydroxylated sites that facilitate mechanical interlocking 
and hydrogen bonding with the polymer matrix [8,34]. The 

Fig. 13. LEIS mappings carried out at 1 Hz around the scratched area in 1 mM NaCl for EG/AC and HT-1/AC.
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incorporation of HT conversion layers significantly enhanced the 
corrosion protection of the acrylic coating system (Fig. 9 and Fig. 15). 
The HT layers served as an additional barrier, restricting chloride ion 
mobility and delaying their direct interaction with the metal surface. 
Consistently, electrochemical measurements and salt spray test 
confirmed that the HT-1/AC system exhibited significantly delayed 
coating degradation compared with both bare EG and HT-2/AC. 
Although the HT-2 layer was thicker and provided higher intrinsic 
barrier protection in the absence of an organic coating, they contained 
loosely attached particles that introduced defects in the acrylic film, 
thereby enabling localized electrolyte ingress and a reduction in the 
global performance of coating system (Fig. 8).

Moreover, LEIS results further highlighted the protective role of the 
HT-1 layer in the acrylic coating system in the presence of artificial 
defects. Compared with the bare EG substrate, the acrylic coating system 
incorporating HT layer displayed markedly reduced admittance at 
defect sites in both high and low frequency. This demonstrated that the 
HT conversion layer effectively hinders the penetration of aggressive 
species at coating discontinuities. This finding confirmed that HT layer 
contributed to enhanced corrosion resistance under defect-driven 
degradation conditions.

These findings suggested that the HT layer with shorter pretreatment 
time may offer significant advantages, including improved adhesion, 
reduced delamination, and prolonged coating durability. These results 
in this research are particularly promising for future applications to 
enhance the corrosion protection of galvanized steel substrates, as they 

demonstrate that the HT conversion layer can be effectively formed at 
room temperature and with a reduced processing time.

5. Conclusions

In this work, ZnAl HT conversion layers with different treatment 
times were successfully prepared on EG steel. The treatment duration 
affected the corrosion protection and surface characteristics of the HT 
layers. The HT conversion layer with stirring for 6 h and without stirring 
for 16 h (HT-2) exhibited enhanced corrosion protection in 0.1 M NaCl 
solution. In this study, the in-situ grown HT layers significantly enhance 
the adhesion strength between EG steel and the top acrylic coating while 
also improving the corrosion resistance of the entire coating system in 
neutral NaCl solutions. The treatment duration of HT layers influences 
the corrosion protection performance of acrylic coating systems, with 
stirring for 2 h and without stirring for 5 h (HT-1) yielding better 
corrosion resistance and adhesion. In addition, LEIS results confirmed 
that the presence of the HT layer with shorter treatment time signifi
cantly enhanced the corrosion resistance in scratched regions of the 
acrylic coating system.
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