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Abstract: A combination of halloysite (H) and montmorillonite (M) nanoclays loaded with Ce

3+
 and 

Zr
4+ 

cationic corrosion inhibitors as the self-healing smart nanocontainers for the corrosion 

protection of AA2024-T4 alloy was investigated. Two different coating systems i) Bilayer (H|M and 

M|H) and composite coatings (M+H), were developed using these two inhibitor-loaded 

nanocontainers. The loaded nanocontainers were dispersed in a hybrid silane matrix. Coatings were 

applied on AA2024-T4 substrates by the dip coating technique, followed by curing at 130
 °

C. The 

corrosion protection performance of these coatings was studied by electrochemical tests and salt 

spray analyses. Self-healing behavior of coatings was investigated using a salt immersion test by 

making an artificial scratch on the substrate. Bilayer M|H coatings have provided enhanced and 

prolonged corrosion protection than composite coatings due to the controlled release of cationic 

corrosion inhibitors from inner M and outer H nanocontainers.  

Keywords: Halloysite nanotubes, montmorillonite nanoclay, cationic corrosion inhibitors, sol-gel 

matrix, self-healing coatings, corrosion protection. 

 

1. Introduction 

AA2024-T4 aluminum alloy is widely used in aircraft applications in making various 

structural parts of the aircraft body, due to its light weight and high strength properties. These alloys 

are generally protected by a thin layer of Al2O3. However, this Cu rich alloy is prone to corrosion 

during its usage, consequently leading to a huge metal loss [1]. Therefore, these surfaces need 

corrosion protection. Cr (VI) conversion coatings, though, are the most effective coatings, but are 

carcinogenic in nature, therefore banned worldwide [2]. Hence, there is an increased demand for 

developing alternative chrome-free and eco-friendly coatings. Sol-gel coatings are known to be the 

most effective replacements, as they possess various properties like good barrier protection, 

excellent adhesion strength, hardness, and flexibility. In addition, they can be easily deposited and 

require very low temperatures for their densification [3]. Incorporation of corrosion inhibitors into 

the sol-gel matrix enhances the anticorrosive property, but it was found from the literature that direct 

addition of an inhibitor into the sol-gel matrix leads to deterioration of the coating [4]. Hence, 

encapsulation of inhibitors into nanocontainers is a new approach for developing self-healing 

coatings. This avoids the uncontrolled leakage of corrosion inhibitors and releases the inhibitors only 

on the onset of damage to the coating. Therefore, they are termed as smart coatings. Clay nanotubes 

[5], polymeric microcapsules [6], carbon nanotubes [7], layered double hydroxides[8], and 

montmorillonite clay [9] have been widely investigated as nanocontainers.  

However, research on the use of a combination of two or more smart nanocontainers is 

emerging and is a recent strategy for the development of corrosion protection coatings for prolonged 

durations. Darmiani et al. [10] have studied the synergistic effect of montmorillonite and cerium 

nitrate nanocomposite-based epoxy coatings on cold-rolled steel panels. Montemor et al. [11] have 

used the combination of layered double hydroxides (LDH) and cerium molybdate hollow spheres 

loaded with mercaptobenzothiazole. They reported that the combination of two nanocontainers 

resulted in synergistic corrosion inhibition. Serdechnova et al. [12] have used a combination of LDH 

and bentonite with two different inhibitors 1,2,3-benzotriazole and Ce
3+

. These coatings were found 
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to show good corrosion protection and self-healing ability due to the synergistic effect of different 

inhibitors loaded nanocontainers for galvanically coupled aluminum alloy AA6061 with carbon fiber 

reinforced plastic. From the above-reported literature, it was observed that the use of two or more 

inhibitors and/or nanocontainers was found to be immensely effective in protecting metal surfaces 

due to their synergistic behavior.  

To the best of our knowledge, there is no reported literature on the use of a combination of 

corrosion inhibitor-loaded nanocontainers with tubular structure like halloysite nanotubes (HNT) and 

layered structure like montmorillonite nanoclays (MMT). In this context, the present investigation 

was carried out to study the effect of a combination of cationic inhibitors Ce
3+

 and Zr
4+

 loaded HNT 

and MMT nanocontainers dispersed in an organic-inorganic hybrid silane matrix on the corrosion 

protection behavior of AA2024-T4 alloy.  

 

2. Experimental 

2.1 Preparation of sols and deposition of coatings 

 

Materials required for the preparation of inorganic-organic hybrid matrix sol, nanocontainers, 

and corrosion inhibitors, and the synthesis procedure for matrix sol, loading of cationic corrosion 

inhibitors Ce
3+ 

and Zr
4+ 

into HNT and MMT clays was carried out as mentioned in our previous 

reports [9,13,14]. 

The Ce
3+

 and Zr
4+

 inhibitors loaded MMT and HNT were used to make two different types of 

coatings: i) The inhibitors loaded HNT and MMT powders were mixed in 1:1 wt ratio and then 

dispersed in a hybrid sol-gel matrix to synthesize a composite sol, which is labeled as M+H. ii) 

Inhibitors loaded HNT and MMT powders dispersed individually in matrix sol and applied as bilayer 

coatings, in two different configurations, such as i) M|H Coating and ii) H|M coating. Moreover, 

HNT and MMT nanocontainers without inhibitors (unloaded nanocontainers) have also been 

dispersed in matrix sol in the same wt % as that of inhibitor-loaded nanocontainers and are 

abbreviated as HNC sol and MNC sol, respectively. All the coatings were applied on AA2024-T4 

substrates by the dip coating technique at 1 [mm s
-1

] withdrawal speed. Coated substrates were cured 

at 130
 °
C for 1 h, and in the case of bilayer coatings, the first layer was cured before applying the next 

layer of coating.  

 

2.2 Characterization and testing 

 

       A transmission electron microscope (TEM, Tecnai 200 G2, FEI, Netherlands) was used to 

confirm the loading of corrosion inhibitors into HNT and MMT. EIS and Potentiodynamic 

polarization experiments performed using a CH instrument, USA (Model 604E) for coated and 

uncoated substrates, with detailed characterization details as mentioned in ref. [9]. Salt spray test was 

performed by exposing the uncoated and coated substrates to 5 wt % NaCl solution for 168 h 

according to ASTM B117-16 standard [15]. Salt immersion test was performed by making an 

artificial ‘X’ shaped damage on the substrates and immersing them in 3.5 wt % NaCl solution for 5 

days [16, 17]. EDS elemental mapping was carried out before and after immersion time to observe 

the release of corrosion inhibitors into the damaged area. 

 

 

3. Results and Discussion 

    

3.1 Morphology, composition of nanocontainers, and Thickness of coatings  

 

Ce and Zr-loaded HNT and MMT clays appeared as tubular and layered structures when seen 

through TEM, as given in Figures 1 (a) and (b), respectively. EDS analysis of the loaded 
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nanocontainers, as presented in Table 1, showed the presence of Ce and Zr along with Al, Si, and O in 

both the nanocontainers. This confirmed the loading of corrosion inhibitors in both nanocontainers. 

 

Figure 1. TEM images of inhibitor-loaded (a) HNT and (b) MMT nanocontainers. 

 

Table 1. Weight ratio (%) of different elements obtained from EDS analysis. 

Name of the sample O Na Mg Cu Al Si Zr 

 

Ce 

 

Inhibitors loaded Halloysite 65.18 1.08 - 2.12 10.91 18.27 2.28 0.16 

Inhibitors loaded Montmorillonite 43.41 - 5.76 1.64 19.58 25.50 3.63 0.48 

 

All the coatings were seen to be adherent to the substrates, and their thickness is given in Table 2. 

It can be observed from Table 2 that M|H coating has shown nearly an equal thickness for both inner 

and outer layers and was less thick than H|M coating. This observation clearly infers that the presence 

of montmorillonite for coatings intended to form always thinner inner coatings on the AA2024-T4 

alloy substrate.  

 

Table 2.  Thickness of bilayer and composite coatings 

  

 

3.2 Electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization studies 

 EIS and potentiodynamic polarization studies were carried out for bare AA2024-T4, H|M, 

and M|H and M+H coated substrates after 1, 72, 120 h, and were further extended to 168 and 216 h 

of exposure to 3.5 wt % NaCl solution for M|H and M+H coated substrates. The EIS and 

polarization results of these coatings were compared with those of single-layer H and M-coated 

substrates.  

The equivalent electrical circuit used for fitting the EIS data of bilayer coatings is given in 

Figure 2 (a), and for composite and single-layer coatings is given in Figure 2 (b).  

Name of 

the coating 
M|H H|M M+H 

Thickness 

(µm) 

Inner M layer Outer H layer Inner H layer Outer M layer 

3.8 (±0.1) 2.9 (±0.3) 3.8 (±0.1) 4.6 (±0.3) 8.4 (±0.2) 

Total Thickness = 6.8 (±0.2) Total thickness = 13.2 (±0.4) 
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Figure 2. Equivalent electric circuits used for fitting EIS data of (a) bilayer coatings and (b) 

composite and single-layer M and H coatings 

 

A comparison of charge transfer resistance (Rct) obtained from EIS data of all coated and bare 

AA2024-T4 substrates is shown in Figure 3 (a). M|H coated substrates exhibited the highest Rct among 

all coatings, at all durations of exposure. In contrast, H|M coated substrates exhibited lower Rct values 

than those of M|H and M+H coated substrates. From the above observations, the M|H configuration 

was found to have better corrosion protection than H|M coatings. Therefore, the EIS studies were 

carried out further for only M|H coatings till 216 h. On the other hand, the M+H coatings exhibited 

better Rct than H|M coatings but exhibited lower Rct than single-layer H and M coatings. These 

observations clearly indicate that there was no improvement in the corrosion protection after making 

the composite coating compared to single-component H and M coatings. It can also be observed from 

Figure 3 (a) that the Rct values of M|H coatings drastically decreased till 120 h and increased after 

prolonged exposure to 168 h, and remained almost the same after 216 h. This indicates that there could 

have been an initiation of corrosion due to the penetration of Cl
-
 ions (from 3.5 wt % NaCl solution), 

which in turn triggered the self-healing action to increase the Rct at the interface after prolonged 

duration. 

The single-layer H exhibited higher Rct than all except M|H, but it decreased after the prolonged 

duration of exposure for 216 h (as observed in Figure 3 (a)). Single-layer M showed better coating 

resistance (R1) than that of H. This clearly indicates that M|H coated substrates exhibited enhanced 

corrosion protection because of the inner M having better coating resistance and the outer H layer 

exhibiting good Rct. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Comparison of (a) Rct from EIS data and (b) icorr from polarization data at different 

durations of exposure to corrosive medium. 

(a) (b) 
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The Icorr data obtained from potentiodynamic polarization plots after different exposure 

durations, shown in Figure 3 (b), follow a similar trend as that of EIS data. The least corrosion 

currents (icorr) were measured for M|H coating at all durations of exposure. In addition, it has also 

been observed that the M|H coating exhibited more positive corrosion potential values (Ecorr) 

compared to all the coated substrates. This indicates that there is an ennoblement of corrosion 

potentials.  

The enhanced corrosion protection of M|H over H|M coating, though both are of bilayer 

configuration, motivated us to study the reason for this behavior. Hence, in this context, the corrosion 

protection behaviour of the coatings developed from unloaded HNT and MMT nanocontainers, i.e., 

HNC and MNC, was investigated. The HNC-coated substrates exhibited lower icorr than MNC initially 

(1 h), but as the exposure duration increased to 72 and 120 h, MNC coatings exhibited lower icorr 

values than HNC, as shown in Figure 4 (a). The coating resistance (R1) values of MNC-coated 

substrates were found to be higher than HNC (data not presented here). This indicates that MMT 

nanocontainers, when present as an adjacent layer to the substrate, provided good corrosion protection 

when compared to HNT as the adjacent coating to the substrate.  

The variation in the behavior of coatings based on the two unloaded nanocontainers was found to 

be attributed to the orientation of these nanoparticles in the matrix sol as reported by Huttunen-

Saarivirta et al [18]. They have dispersed HNT and MMT independently in an epoxy matrix and 

studied the corrosion protection of coatings on cold-rolled steel substrates and on aluminum foil. 

According to their findings, HNT nanoparticles get oriented randomly in the epoxy matrix, resulting in 

increased water permeability. However, MMT clay, when dispersed in the epoxy matrix, oriented 

itself parallel to the coating surface, thus exhibiting less water permeability and providing good 

coating and corrosion resistance. The schematic representation of HNC and MNC coatings and 

comparison of their coating resistance is depicted in Figure 4 (b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                      

 

Figure 4. (a) Variation of icorr of HNC and MNC coated AA2024-T4 substrates at different exposure 

durations, (b) schematic representation of comparison of coating resistance of MMT and HNT 

nanocontainers based coatings. 

 

Therefore, based on the above observations, the improved corrosion protection of M|H coatings 

over H|M, can be explained because of the inner M layer containing MMT nanocontainers, which had 

a good coating resistance, and the outer H layer with HNTs having higher Rct. These two 

nanocontainers as M|H configuration, exhibited enhanced release of the corrosion inhibitors and 

provided prolonged corrosion protection to the substrate, due to the combined effect of both the 

nanocontainers, which release inhibitors from each layer only on demand (on the onset of damage to 

the coating).  The above conclusions were supported by results obtained for salt spray test (SST) as 

well as the salt immersion test (SIT), as shown in Figures 5 and 6. The results from electrochemical as 

well as salt spray tests confirmed that the cationic corrosion inhibitors have been released from the 

nanocontainers into the scratch region to self-heal the damage by forming passive layers of CeO2 and 

ZrO2. 

(a

) 

(b

) 
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Figure 5. Photographs of AA2024-T4 substrates (a) before and (b) after SST for 168 h. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Elemental mapping of M|H coated substrates (a) before and (b) after SIT. 

 

4. Conclusions 

The improved corrosion resistance of M|H coatings on AA2024-T4 was explained based on the 

combined effect of both MMT and HNT nanocontainers, resulting in enhanced and controlled release 

of the corrosion inhibitors to heal the damage by formation of ceria and zirconia passive layers. 

Selectively designed bilayer coatings were found advantageous for prolonged and enhanced corrosion 

protection, and thus novel bilayer coatings with different combinations, organic/inorganic inhibitors, 

different nanocontainers, etc., need to be explored further to achieve highly promising and efficient 

self-healing coatings. 
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