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a b s t r a c t 

The search for new alternatives to replace chromate-based coatings is a matter of great importance. Since 

their official ban due to the raised concerns of hexavalent chromium to the human health and the en- 

vironment, significant effort s have been devoted to finding a more suitable alternative for the corrosion 

protection of aluminum alloys. However, the task has been quite challenging since the potential replace- 

ment needs to fulfill several requirements both in terms of cost and exceptional corrosion performance. 

Layered double hydroxides (LDHs) have generated a lot of interest in the past few years. They have been 

proposed as prospective candidates to replace chromate based protective systems. The particular struc- 

ture of LDH nanocontainers allows them to intercalate a number of corrosion inhibitors and release them 

on demand under the action of corrosion relevant triggers. Moreover, their flexible use as pigments in 

paints or as a pre-treatment directly as conversion layers makes their implementation even more con- 

venient. This review presents a critical view to the studies performed till today on LDHs for corrosion 

protection of aluminum alloys. 

© 2020 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Layered clay materials are currently the focus of many stud- 

es and innovations. The interest for these materials arises from 

he nature and composition of their stacked layers and interlayer 
Abbreviations: 3- or 4-ABSA, 3 or 4- aminobenzensulfonic acid; BTA, ben- 

otriazole; CA, contact angle; CCC, chromate conversion coatings; CFRP, car- 

on fiber reinforced plastics/polymer; DC, direct current; EDTA, ethylenedi- 

minetetraacetic acid; FAS-13, F-triethoxy-1H,1H,2H,2H-tridecafluoro-n-octylsilane; 

FC, filiform corrosion; GDOES, glow discharge optical emission spectroscopy; 2- 

EP, 2-hydroxyethyl phosphate; 3,4-HHBA, 3,4-dihydroxybenzoic acid; 8-HQ, 8- 

ydroxyquinoline; IMC, intermetallic; L-Cys, L-cysteine; LbL, layer-by-layer; LDH, 

ayered double hydroxide; LDH-CC, layered double hydroxide conversion coat- 

ng; MBT, 2-mercaptobenzothiazol; MW, microwave; ORR, oxygen reduction reac- 

ion; PANI, polyaniline; PEO, plasma electrolytic oxidation; PFDTMS, 1H,1H,2H,2H- 

erfluorodecyltrimethoxysilane; PFDTS, 1H, 1H, 2H, 2H perfluorododecyl trichlorosi- 

ane; PVA, polyvinyl alcohol; PVB, polyvinyl butyral; QA, quinaldic acid; RT, room 

emperature; SEM, scanning electron microscopy; SKP, Scanning kelvin probe; 

ST, salt spray test; SVET, scanning vibrating electrode technique; TCC, trivalent 

hromium conversion coating; TSA, tartaric sulfuric anodizing; XRD, X-ray diffrac- 

ion. 
∗ Corresponding author. 

E-mail address: anissa.bouali@hzg.de (A.C. Bouali). 
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alleries offering many options for modification and tuning [1–

] . However, layered double hydroxides (LDHs) (or hydrotalcite-like 

tructures) have recently gained a key position not only due to 

heir unique two-dimensional structure but more importantly be- 

ause of their anion-exchange properties. As a result, their appli- 

ation has been continuously expanding, especially owing to new 

merging demands such as in corrosion protection [8–20] . 

The first studies on hydrotalcite-like structures can be traced 

ack to Hochstetler (1842) using materials originating from a nat- 

ral deposit in Snarum/Norway [ 21 , 22 ]. However, it was not until 

he works of Manasse (1915) and Frondel (1941), that the mineral 

as given the final formula of [Mg 4 + x Al 2 (OH) 12 + 2x ](CO 3 ) •4H 2 O 

0 ≤ x ≤ 2) [ 23 , 24 ]. Allmann [25] and Taylor [26–28] reported a

ew years later a more detailed study including an understand- 

ng of the LDH structure. Using single crystal X-ray diffraction, the 

uthors were able to reveal a rhombohedral lattice symmetry (R- 

m) with a stacking of positively charged brucite-like layers alter- 

ating with disordered negatively charged interlayers [ 25 , 26 , 29 ]. 

DHs are typically described as a stacking of positively charged 

ixed metal M 

I / M 

II - M 

III hydroxide layers, balanced by the pres- 

nce of anions ( A 

y −) together with water molecules between the 

nter-galleries. The most common LDH can be represented by the 
under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Fig. 1. The schematic presentation of LDH structure, the anionic exchange with inhibitor ion (Inh-) and their triggered release for corrosion protection. 
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ormula [ M 

II 
1- x M 

III 
x (OH) 2 ] 

x + ( A 

y −) x / y •z H 2 O (with M 

II , M 

III : divalent

nd trivalent metallic cations, and ( A 

y −) anions) [ 3 , 4 ]. Accordingly,

he structural characteristics of LDHs allows the possibility to use a 

ide variety of intercalation compounds either by modification of 

he chemical composition of the hydroxide layer [ 8 , 18 , 30–47 ] or by

hemical /structural modification of the interlayers [ 14 , 17 , 32 , 48–

6 ]. 

The ability of LDHs to be used in their derived form or/and as 

ncipient (host for different species) along with their other inter- 

sting properties make them valuable for an extended range of 

unctionalities [ 57 , 58 ]. Some of the interesting LDH properties can 

e listed as follows: 

1) LDHs biocompatibility, prolonged buffering effect, antacids and 

ability to host pharmaceutically active molecules (e.g. di- 

clofenac sodium, gemfibrozil, ibuprofen, naproxen, tolfenamic) 

were extensively investigated and reported in the area of drug 

delivery [58–62] . 

2) The high surface area, homogeneous and thermally stable com- 

position of the metal cations of the LDHs, makes them good 

candidates as catalysts [63–65] . 

3) LDHs highly tunable architecture, non-toxicity and anion ex- 

change properties are exploited as adsorbent for inorganic con- 

taminants (eg. AsO 4 
3 −, CrO 4 

2 −, F −, Br −, I −) in water purification

[ 58 , 66 , 67 ]. 

4) The crystallinity, morphology and conductivity (depending on 

the LDH composition) of LDH contribute to enhance the electro- 

chemical performance of materials for energy conversion and 

storage in the form of electrodes for batteries, fuel cells, super 

capacitors and so on [68–72] . 

This review focuses on the use of LDH for corrosion protec- 

ion of aluminum alloys. Because of the ban of toxic chromate- 

ased corrosion protective systems [73] , there is a growing need 

o redirect the research in the field of corrosion protection into 

ore environmentally friendly concepts. Moreover, these systems 

hould be cost-effective while maintaining a good performance 

n terms of corrosion protection, hence the recent developments 

n the area of self-healing “smart” approaches. The latter include 

he use of nanocontainers [ 51 , 74–78 ] that have the aptitude to

ost and release healing agents in a controlled manner. Due to 

he above listed properties and the remarkable anion-exchange ca- 

acity, LDHs have been dominating the area of active corrosion 

rotection for a few years now [ 8 , 9 , 13 , 34 , 48 , 79–81 ]. The protec-

ive action of LDH loaded with inhibitive anions is based on the 

nion-exchange reaction induced by particular triggers, such as pH 

 30 , 82 ] and/or presence of aggressive species [ 35 , 83 ]. The opera-

ive mode of LDH nanocontainers involve (a) the release of inhibit- 

ng anions [ 53 , 84 ] while (b) capturing corrosive species such as

l − [ 15 , 83 , 85 ] and/or (c) cathodic formation of a hydroxide film

86] ( Fig. 1 ). 
2 
This review begins with an overview of the former Cr(VI)- 

ased protective systems and their mechanism of action in Al alloy. 

 short and comprehensive outline in respect to the corrosion pro- 

ective strategies proposed as potential replacement to Cr(VI), will 

e given next. Finally, a critical review of the studies accomplished 

n LDH as a “smart” active corrosion protective system for Al al- 

oys is provided. The literature review of LDH will be divided in 

wo main parts: first, discussing the studies on the application of 

DH in form of pigment and second, on LDH applied as a conver- 

ion layer. At the end, a concise outlook on the overall application 

f LDH for corrosion protection of Al alloy and their current or/and 

ossible implementation in industry, is addressed. 

. Overview of Cr(VI) - based coatings and potential green 

lternatives 

.1. Cr (VI) based coatings 

Chromate-containing coatings were extensively used in the past 

n many different applications. In the specific case of aerospace in- 

ustry, they have perhaps been the main tool against corrosion for 

early 100 years [ 73 , 87 ]. These coatings are very effective, provid-

ng corrosion protection to critical aerospace parts (fuselage, wings, 

ngines, etc.), that are required to operate in highly demanding en- 

ironments for extended periods. The remarkable corrosion resis- 

ance of Cr-based systems is based on their so-called “self-healing”

roperties [88] . As the term “self-healing” can be defined in vari- 

us ways, it is worth specifying that in the current context of cor- 

osion, the term refers to the capacity of a coating system to heal 

complete to partial recovery of the coating’s main function, which 

s corrosion protection [ 89 , 90 ]) by releasing corrosion inhibiting 

pecies into the area of the defect or damage [90] . 

Recent interpretations of the formation of chromate conversion 

oatings (CCC) on the surface of Al alloy suggest to be based on a 

ol-gel mechanism that involves three steps: hydrolysis, polymer- 

zation and condensation of Cr(III) [ 88 , 91 , 92 ]. Frankel et al. [88] ex-

lained that the formation of CCCs begins with the reduction of 

r(VI) to Cr(III) followed by a series of condensation reactions lead- 

ng to the formation of a Cr(III) oxy-hydroxides polymer chain. The 

ccumulation of high amounts of Cr(VI) on the Cr(OH) 3 polymer 

hain during the polymerization as a result of nucleophile attacks 

f OH 

− ligands, leads to the establishment of covalent Cr(VI)-O- 

r(III) bonds. In this way the Cr(VI) is stored and released when 

ecessary ( Fig. 2 ) [ 88 , 91 ]. In most cases, additional anions (fluo-

ides, phosphates, ferricyanides etc.) are added into the working 

aths to accelerate the formation of CCCs by preventing the Al sur- 

ace passivation and promoting a faster reduction of the Cr(VI) to 

r(III) [87] . 

The formation mechanism of CCC is strongly related with its 

unctionality to provide active corrosion protection. Indeed, the 
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Fig. 2. Scheme representing the mechanism of CCC formation and the storage of Cr(VI) within the Cr(VI)-O-Cr(III) backbones (with permission from [88] ), followed by their 

mechanism of inhibition/self-healing on AA2024 upon mechanical damage [ 88 , 93 , 94 ]. 
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reviously mentioned reaction leading to the formation of the 

ixed oxides Cr(III) / Cr(VI) is reversible. Hence, upon contact with 

n aggressive media, the Cr(VI) is released and transported to the 

ffected zones to inhibit any corrosion activity. 

A similar operating mode is found for chromates stored in 

rimers or/and topcoats (generally in form of SrCrO 4 ). Cr(VI) are 

eached in form of CrO 4 
2 − anions into the electrolyte to undergo 

 corrosion inhibition process. An illustration of the different dis- 

ussed mode of intervention of Cr-based systems with their differ- 

nt speciation is provided in Fig. 3 [95] . The first mode of action

 Fig. 3 a) is associated to the chromate capacity to function in wide

ange of pH, which in turn makes it a good candidate to be incor- 

orated into different polymer matrices. When incorporated into a 

rimer in form of SrCrO 4 ( Fig. 3 b) or used directly as a conversion

oating CCC ( Fig. 3 c), chromates offer a self-healing functionality 

y the release of CrO 4 
2 − into the surface upon mechanical damage 

r defect on the coating [95] . 

The operating principle of Cr(VI) inhibition relies on a complex 

ual function mechanism. It has the aptitude to impede the rate 
3 
f cathodic reduction reactions whilst mitigating the anodic metal 

issolution ( Fig. 2 ) [ 92 , 96 ]. For instance, in high strength Al alloys,

tudies reported that the cathodic inhibition involves the reduc- 

ion of Cr(VI) to Cr(III) which adsorbs on the Cu-rich particles and 

uppress the oxygen reduction reaction (ORR) [ 92 , 97 ]. The formed 

ayer is irreversible, therefore even after removing chromates from 

he solution, the ORR stays inhibited [88] . When it comes to anodic 

nhibition, it is considered more to be a consequence of the ca- 

hodic inhibition process rather than actually an independent pro- 

ess. Hurley et al. [92] stated that the inhibition of the oxidation 

eactions related to the anodic dissolution of Al is a result of a 

eneral hindrance of the electron transfer imposed by the forma- 

ion of a protective Cr (III) monolayer during the above mentioned 

athodic inhibition process. 

Despite the exceptional corrosion protective properties of 

hromate-based coatings, their use is highly restricted due to the 

triking toxicity for humans and the environment [98] . Cr(VI) was 

rst listed as a human carcinogen in 1980 on the annual report 

ublished by the National Toxicology Program and the Depart- 



A.C. Bouali, M. Serdechnova, C. Blawert et al. Applied Materials Today 21 (2020) 100857 

Fig. 3. Schematic illustrations of the different inhibition scenarios associated with 

Cr(VI) compounds in: (a) aqueous solution, or when a morphological defect occurs 

(b) in the presence of a Sr–Cr-based primer, or (c) a Cr(VI) conversion coating, with 

a particular emphasis on the self-healing and barrier properties. (Reprinted with 

permission from [95] ) 
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ent of Health and Human Services (US) [99] . The restrictions 

or the use of chromate in automotive and aerospace industries 

ere being gradually issued through the following years. On the 

1 st of September 2017, under the Europe’s Registration, Evalua- 

ion, Authorization & Restriction of Chemicals (REACH) regulation, 

hrome-plating chemicals such as sodium dichromate were com- 

letely banned. The ban of some other chromate containing com- 

ounds such as strontium chromate used in primers followed on 

anuary 2019 [73] . 

However, the replacement of a well-known technologically rel- 

vant additive such as chromate, with new alternatives is challeng- 

ng especially for critical applications. 

Therefore, the European Chemicals Agency (ECHA) has ex- 

ended the sunset date for the use of Cr(VI) plating treatment for 

erospace to the year 2024 and a few Cr(VI) additives for paints to 

he year 2026 [73] . 
4 
The performance of an alternative is expected to be comparable 

r even exceed the corrosion resistance of chromate-based systems 

nd should comply with several requirements, some of which are: 

- Applicable in a wide range of pH (which makes it possible to 

be stored in primers and paints). 

- Fitting the minimal requirements for concentrations (in aque- 

ous solution the concentration of Cr(VI) is generally between 

0.05 to 0.075 M and are found in form of CrO 3 with a concen- 

tration of approx. 50 mM in coating formulations [91] ). 

- Similar or less time for processing steps in comparison to Cr- 

based processes [ 100 , 101 ]. 

- Low bath temperatures 60 °C > T, ideally room temperature (RT) 

[ 100 , 101 ]. 

- Cost-effective and more importantly ecologically acceptable 

[95] . 

- Suitable for all relevant Al alloys [100] . 

Over the course of many years, a large number of studies de- 

oted to potential alternatives for chromates have been developed 

nd a number of reviews [ 95 , 102 , 103 ] summarizing these alterna-

ives were written. A list of a few examples of the most discussed 

lternatives that were applied to Al alloys is provided in the next 

ection. 

.2. Alternatives to Cr (VI)-based coatings 

Since the ban of Cr(VI)-based coatings, an important number of 

ossible alternatives were proposed and some are already avail- 

ble commercially. In the following sections some examples are 

escribed and a summary is presented in Table 1 . 

.2.1. Trivalent chromium 

Following the ban of Cr(VI), many studies focused on the use 

f Cr(III), considering it as the “second-best” option [104] . Triva- 

ent chromium pre-treatments are commonly available as zirco- 

ium/trivalent chromium-based conversion coatings (TCC). The for- 

ation of the latter conversion coating takes place in an acidic 

ath (pH 3.8-4) generally containing trivalent chromium, zirconate, 

uoride and sulfate salts. The mechanism of formation relies on a 

o-precipitation of hydrated zirconia and Cr(OH) 3 initiated by an 

ncrease of pH at the active cathodic sites (e.g. Cu-rich intermetal- 

ic in the case of AA2024) [105] . 

Qi et al. [105] performed a deeper investigation on the com- 

osition of the Cr(III)-CC and its influence on the mechanism of 

orrosion protection of Al alloys. The authors found that the coat- 

ng is composed of two layers: the thick outer layer consists of 

ompounds such as AlF 3 Cr(OH) 3 , ZrO 2 and ZrF 4 (depending on 

he starting species on the bath) and the inner layer is mostly 

luminium-rich and is responsible for providing the main corro- 

ion protection which is mostly barrier-based. 

Although, no Cr(VI) is used for the TCC growth process, some 

oncerns were raised due to the high possibility of Cr(III) oxidizing 

o Cr(VI) [105–107] . For instance, using Raman microprobe spec- 

roscopy method, Li et al. [107] revealed the presence of Cr(VI) 

xide species formed via oxidation of Cr (III) in the presence of 

ydrogen peroxide. The authors linked the production of hydrogen 

eroxide to the local reduction of dissolved oxygen at the Cu-rich 

ntermetallic. Qi et al. [108] also detected Cr(VI) species in an air- 

ged coating after exposure to a corrosive electrolyte (NaCl) and it 

as associated to corrosion processes. However, Cr(III)-based treat- 

ents are still being extensively employed in industry [ 95 , 109 , 110 ],

s the estimated amount of Cr(VI) found is minimal ( < 0.1 wt. 

 which complies with to REACH regulations [111] ),therefore pre- 

enting no risk. Moreover, the toxicological data published in the 

ast few years do not allege any high risk to human health or the 

nvironment related to Cr(III). Nevertheless, some uncertainties are 
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till persistent and the non-self-healing aspect of the Cr(III)- sys- 

ems could be a disadvantage when competing with other pro- 

osed alternatives to chromate. 

.2.2. Phosphates 

Phosphate treatments were originally based on a mixture of 

hromate/phosphate conversion coatings that were known for their 

utstanding corrosion resistance and adhesion properties. Due to 

ts banning, chromate was replaced by zinc, and the resulting 

inc/phosphate coatings continued to be applied widely on steel 

 103 , 112 ] and were further extended to Al alloys [113–117] . 

For the phosphating process, an acidic bath typically composed 

f phosphoric acid, zinc dihydrogen phosphate, fluoride and an ox- 

dation accelerator (e.g. NO 2 ) is used [ 103 , 112 ]. 

Akhtar et al. [ 113 , 114 ] showed that the phosphating process on 

l alloys is a two-step process which starts at the active sites by 

he dissolution of Al (1) and an increase of the local pH (2). This 

ncrease of pH will lead to a shift in the hydrolytic equilibrium be- 

ween the soluble primary phosphates and the insoluble tertiary 

hosphates of the heavy metals, driving into the systematic con- 

ersion and deposition of the latter species and the generation of 

he phosphate coating (3) and (4) [ 113 , 114 ]: 

l → A l 3+ + 3 e − (1) 

 H 

+ + 2 e − → H 2 (2) 

 3 P O 4 ↔ H 

+ + H 2 P O 

−
4 ↔ 2 H 

+ + HP O 

2 −
4 ↔ 3 H 

+ + P O 

3 −
4 (3)

 Z n 

2+ + 2 P O 

3 −
4 → Z n 3 (P O 4 ) 2 ↓ (4) 

The final obtained Zn 3 (PO 4 ) 2 coating is reported to be reason- 

bly hard, electrically non-conductive, adherent and with a good 

ear and corrosion resistance [112] . However, some studies have 

evealed a number of cons to the use of phosphate-based con- 

ersion coatings. Phosphate coatings generally present limited sta- 

ility at higher pH and their destruction may lead to disbonding 

ssues, if used under a polymer layer [ 118 , 119 ]. More critical, the

aste resulting from the phosphating process is considered haz- 

rdous by the European Union as well as the US environmental 

rotection agency. The phosphate coating sludges contain an im- 

ortant amount of heavy metals which makes the disposal of the 

hosphating baths detrimental [120] . With the presented evidence 

nd the fact that phosphate coatings can offer only a barrier pro- 

ection, phosphating may no longer be viable as an alternative to 

r(VI) based coatings. 

.2.3. Rare earth-based coatings 

The first use of rare earth metal salts (REMS) for the corrosion 

rotection of aluminum alloys dates back to the works of Hinton 

t al. [121–125] , where an inhibition effect on aluminum alloys was 

bserved with cerium. After that, other REMS compounds such as 

anthanum [126–130] and praseodymium [ 129 , 131–134 ] salts were 

nvestigated for the same purpose. However, cerium salts were the 

nes that attracted most attention [ 101 , 102 , 121 , 135–137 ]. Cerium

alts were implemented in various ways, for example as conver- 

ion coatings [ 121 , 135 , 138 , 139 ], incorporated into polymer coatings

ither directly as corrosion inhibitors (e.g. cerium nitrate) [140–

45] or, in form of encapsulated pigments (e.g. silica and chitosan 

oaded with cerium) [ 141 , 146 ]. In addition, cerium can also serve

s a sealing post-treatment for anodized Al alloys [147–149] . 

It was suggested that the inhibition mechanism of cerium salts 

s a localized process that interferes with the corrosion reactions 

ccurring around the intermetallic (IMC). In an investigation per- 

ormed by Yasakau et al. [130] , it was shown that an increase 

f the local pH due to the cathodic process at the interface of 
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A2024, leads to the formation of cerium hydroxo-complexes. This 

ontinuous increase of pH until approx. 10 resulted in the forma- 

ion of cerium hydroxide deposits on top of the S-phase IMCs, thus 

bstructing both the cathodic and anodic processes on the IMCs 

130] . It was also pointed out that the advantage of cerium relies 

n its aptitude to be oxidized from Ce(III) to Ce(IV) and form in- 

oluble hydroxides. This oxidation reaction is generally driven by 

he hydrogen peroxide generated from the cathodic ORR Eq. (5 )) 

 130 , 150 , 151 ] and can be illustrated by the Eqs. (6 )–( (8) [ 130 , 151 ]: 

 2 + 2 H 2 O + 2 e − → H 2 O 2 + 2 O H 

− (5) 

 e 3+ + 

1 

2 

H 2 O 2 + 3 O H 

− → C e ( OH ) 4 ( C e O 2 · 2 H 2 O ) ↓ (6) 

 e ( OH ) 
2+ + 

1 

2 

H 2 O 2 + 2 O H 

− → C e ( OH ) 4 ( C e O 2 · 2 H 2 O ) ↓ (7) 

 e ( OH ) 
+ 
2 + 

1 

2 

H 2 O 2 + O H 

− → C e ( OH ) 4 ( C e O 2 · 2 H 2 O ) ↓ (8) 

This mode of operating of cerium salts resembles that of chro- 

ates, which could make them possible alternatives for chromate- 

ased conversion coatings. However, the efficiency of cerium inhi- 

ition at lower pH has been questioned more than once [ 152 , 153 ].

oreover, the fact remains that the price of REMS is high. The rea- 

on behind the high cost of REMS is not much related to their 

bundance on earth but more to the production process and their 

vailability in the market [ 154 , 155 ]. Despite being relatively abun- 

ant on earth’s crust (e.g. Ce is present at similar amounts as Cu 

ut twice less than Cr), the REMS market is mainly controlled by 

he Chinese state-owned industries with production levels close to 

5% (in 2015) of the world’s supply and the imposition of strong 

estrictions (e.g. export quotas, taxes, prices, etc.), especially be- 

ween the years 2008 and 2014 [ 154 , 156 ]. 

One other factor that may make the access to REMS difficult for 

orrosion protection purposed, is the high demands of other com- 

eting technologies that would also require considerable amounts 

f these elements [154] . All these listed factors make the industrial 

pplication of cerium or REMS for the sake of corrosion protection 

ighly uncertain. 

.2.4. Zr/Ti based coatings 

Zirconium and/or titanium-based conversion (Zr/TiCC) coatings 

ave been receiving an increasing interest since their introduction 

s potential replacement for chromates and phosphates in the late 

0th century [157] . Ever since, the technology has significantly pro- 

ressed and is proposed in various commercially available prod- 

ct trademarks [ 157 , 158 ]. Although the main application of these 

r/TiCCs are used for the automotive bodies composed of the 5xxx 

 159 , 160 ] and 6xxx [161–164] series of Al alloys [165] , they are

lso highly suited for other Al alloys such as AA2024 used in the 

erospace industry [ 88 , 102 , 166 , 167 ]. 

Many studies were devoted to the understanding of the forma- 

ion mechanism of Zr/TiCCs and the influence of the Al alloy com- 

osition on it [ 161 , 163 , 164 , 166 , 168 ]. In a recent review by Milošev

t al. [157] , the authors divided the formation of Zr/TiCC on Al al- 

oys into different stages. The first stage is the dissolution of the Al 

ative oxide layer activated by the presence of aggressive hexaflu- 

rometallate complexes (e.g. H 2 ZrF 6 , Na 2 ZrF 6 , H 2 TiF 6 , etc.), in the

ath at low pH (2.8 to 4). This is then followed by the formation

f hexafluoroaluminate compounds according to Eqs. (9) and (10) . 

he second stage involves the precipitation of the of Zr/Ti metal 

xide layers driven by the increase of the local pH (to approx. 8.5) 

nitiated at the cathodic sites (see Eqs. (11 ) to (14) ) [157] . 

Stage I: 

 l 3+ + ZrF 2 − → AlF 3 − + Z r 4+ (9) 
6 6 

6 
 l 3+ + T iF 2 −6 → AlF 3 −6 + T i 4+ (10) 

tage II: 

 rF 2 −6 + 4 O H 

− → 6 F − + Z r O 2 · 2 H 2 O ↓ (11)

 iF 2 −6 + 4 O H 

− → 6 F − + T i O 2 · 2 H 2 O ↓ (12)

 r 4+ + 3 H 2 O → Zr O 2 · 2 H 2 O + 4 H 

+ (13) 

 i 4+ + 3 H 2 O → T i O 2 · 2 H 2 O + 4 H 

+ (14) 

Besides their good corrosion resistance and remarkable adhe- 

ion performance to the metallic substrate, the use of Zr/TiCCs is 

nergy and cost-effective as the formation process requires less 

ime and lower temperatures in comparison to other conversion 

oatings [157] . Moreover, less sludge is induced from the prepa- 

ation bath (low concentration of ionic species) and the involved 

ompounds during the whole operation are classified as non- 

arcinogenic and non-eutrophic [169] . 

Although the list of advantages in regard to Zr/TiCCs is quite 

elevant, there is still a large room for improvement, starting from 

he fact that these coatings are not self-healing but only barrier 

rotective [157] and second, the Zr/Ti layer tends to be inhomoge- 

eous [157] . One way to enhance the performance of the Zr/TiCCs 

s by the addition of inhibitors in form of inorganic and/or or- 

anic pigments. For the case of self-healing implementation, sev- 

ral studies have been published on the possibility of adding cor- 

osion inhibitive agents such as vanadate [170] , cerium [171] and 

rivalent chromate [172] into the Zr/Ti formation bath for the cor- 

osion protection of Al alloys. Similarly, a combination of additives 

uch as poly-(4-vinylphenol and Mn 3 (PO 4 ) 2 have shown to favorize 

 homogeneous formation of the Zr/Ti-CC, when added into the re- 

ction bath [ 173 , 174 ]. Both methods presented significant potential 

n improving the Zr/Ti- CC. 

.3. Alternative pigments in coatings 

The list of potential substitutes to chromates does not end with 

he few examples mentioned in the previous sections, since when 

eferring to an efficient corrosion protective system for Al alloys or 

ny other metal alloy for that matter, there is no constraint on the 

hemistries or the nature of the system to be exploited. The only 

equirement is for the technology to be so-called green and REACH 

onform. 

One can think of a multi-level protective system that can com- 

rise both barrier and active corrosion protection functionalities. 

Organic coating systems confer corrosion protection by acting 

s a barrier and preventing the mass transport of aggressive el- 

ments such as water and chloride into the metal surface [195] . 

owever, this protection can easily be compromised upon mechan- 

cal damage or defects. Moreover, some organic coatings are very 

ften prone to degradation due to their permeability to air and 

oisture. These issues were previously countered by the presence 

f active chromate pigments (e.g. SrCrO 4 ) in the coating formula- 

ion. Since their ban, few other technologies have been highlighted 

o optimize the anti-corrosion properties of the organic coating, 

hen applied to Al alloy. The most common pathway is the di- 

ect addition of corrosion inhibitors into the coating formulation. 

 few examples of direct addition of corrosion inhibitors in coat- 

ng formulation used in Al alloy are given in Table 2 . 

In addition to corrosion inhibitors, sacrificial metal pigments 

uch as Mg, can also be added into primers to impart cathodic 

rotection to the underlying Al alloy [207–210] . Mg having a more 

egative potential than the Al substrate will lead to the cathodic 
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Table 2 

Example of corrosion inhibitors incorporated directly into organic coatings for the corrosion protection of Al alloys. 

Corrosion inhibitor Al substrate Coating Ref. 

Cerium AA2024-T3 sol-gel and 

Epoxy 

[196–200] 

Lanthanum AA2024 Sol-gel [201] 

Molybdate AA2017 Sol-gel [199] 

Permanganate AA2017 Sol-gel [199] 

Sr-Al-polyphosphate AA2024 sol-gel [202] 

Benzotriazole AA2024, 

AA2024-T3 and 

AA7075 

sol-gel [ 198 , 202–205 ] 

8-hydroxyquinoline AA2024 sol-gel [198] 

Tolyltriazole AA2024-T3 sol-gel [197] 

Chloranil (tetrachloro- p -benzoquinone) AA2017 sol-gel [206] 

Table 3 

Summary of the most common delivery systems applied to corrosion protection 

Delivery system Chemical nature Type of exchanger Ref. 

Silica Modified Neutral [216–222] 

Polymer capsules Various Neutral [223–226] 

Halloysite Aluminosilicate minerals Cationic [ 74 , 222 , 227–229 ] 

Titania Titanium oxide Neutral [ 76 , 230 , 231 ] 

Zeolite Aluminosilicate minerals Cationic [ 19 , 232–234 ] 

Bentonite Montmorillonite Cationic [ 78 , 235–238 ] 

Layered double hydroxides (LDH) Mixed oxides/hydroxides Anionic [ 34 , 35 , 145 , 236 , 239 ] 
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t  
olarization of the latter and the dissolution of the Mg particu- 

ates. A study also showed the formation of a porous barrier Mg 

xide layer on the Al substrate [207] . 

It is important to stress out that the addition of corrosion 

nhibitors and sacrificial metal pigments are just two methods 

mong various others. The content of this section was restricted 

o these particular two types of pigments since they are more rel- 

vant to the current review. 

Despite the promising results achieved with the addition of cor- 

osion inhibitors or/and sacrificial particles into the organic coat- 

ngs, these methodologies present a few disadvantages and need 

o be re-evaluated. For instance, in the corrosive media, a corro- 

ion inhibitor to be incorporated needs to be have the right de- 

ree of solubility. A low solubility leads to insufficient self-healing 

roperties whereas a high solubility results in a fast leaching of the 

nhibitor compromising the long-term active corrosion protection, 

long with a degradation of the coating due to possible delami- 

ation and blistering (caused by an increase of the osmotic pres- 

ure within the coating) [89] . The last effect was for example ob- 

erved on Mg-rich primers applied on AA2024-T3 [ 211 , 212 ]. More- 

ver, the chemical nature of the corrosion inhibitor may also lead 

o its interaction with the polymer coating which will induce a loss 

f the inhibition property and degradation of the coating. The in- 

ibition property of the corrosion inhibitor can also be lost due to 

ts sensitivity to environmental factors. As a matter of fact, organic 

orrosion inhibitors such as 2-mercaptobenzothiazole and 1,2,3- 

enzotriazole that were reported to inhibit corrosion activities on 

l alloys, are subject to photodegradation [213] .This means that the 

irect incorporation of these inhibitors in a polymer coating may 

ot provide the active corrosion performance that is needed. 

Nevertheless, significant progress has been made to avoid some 

f the above-mentioned drawbacks. One key solution is to encap- 

ulate the active agent using LDH nanocontainers, as it will be ex- 

lained in the next section. 

.4. A nanocontainer based strategy 

To avoid the direct incorporation of corrosion inhibitors into 

oatings and the limitations that can come by doing so, specific 
7 
icro/nano delivery systems were designed and synthesized to 

ost active agents such as corrosion inhibitors [ 77 , 89 , 90 , 214 , 215 ].

 wide variety of encapsulation approaches has been proposed in 

he past few years and were used for isolating/protecting the in- 

orporating agents from the polymer resin, store the corrosion in- 

ibitors and release them on demand when triggered by changes 

n the metal interface or upon mechanical damage. Some of these 

anocontainer-based strategies were originally derived from other 

elds such as the food and pharmaceutical industry. A brief list 

f the most reported nanocontainer based strategies for corrosion 

rotection, are given in Table 3 . 

Three types of nanocontainers can be distinguished, accord- 

ng to the charge of the guest ions; the cationic exchangers, the 

nionic exchangers and neutral nanocontainers. Several triggering 

echanisms can lead to the activation of these nanocontainers and 

he release of the intercalated inhibitor, namely: pH perturbations, 

resence of specific ions, change of the redox potential, mechanical 

upture etc. 

For instance, the cation-exchangers (e.g. zeolites and ben- 

onites) may release the inhibitors in the presence of other cations 

n the interface (metal cations in the case of corrosion processes) 

215] . For anion-exchangers (e.g. LDH), the aim is more directed to 

he capture of corrosive agents such as chlorides or sulfates fol- 

owed by the release of the inhibitors. Finally, neutral nanocon- 

ainers rely on a desorption process and can have the advantage 

f hosting both anionic and cationic inhibitors. 

The reason behind the choice of selecting LDH for this review, 

o the detriment of other nanocontainers can be explained by the 

ollowing points; i) LDH have the remarkable option to be used 

oth in form of anticorrosion pigments incorporated into a coat- 

ng system [77] , as well as a conversion coating on the metal 

 48 , 84 ]. This means that it can be easily adapted according to dif-

erent requirements. On one hand, LDH can be used as a pow- 

er/slurry if the wish is to confer additional active protection prop- 

rties to a barrier coating by the addition of a self-healing func- 

ionality [ 15 , 18 , 55 , 89 ]. On the other hand, LDH can be applied di-

ectly to the metal surface as a conversion coating if there is a 

eed for the first defensive layer (close to the metal) to be an ac- 

ive corrosion protective system [ 48 , 79 , 240 ]. ii) LDHs are among
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he most investigated and with more application potential anion- 

xchange nanocontainers for “smart” active corrosion protection 

 9 , 13 , 18 , 48 , 81 , 84 , 241–249 ]. 

In the course of this review, we will be going through these two 

anners of using LDH and examine the latest progress in this area 

or the protection of aluminum alloys. 

. LDH in form of pigments 

.1. Synthesis of LDH pigments 

The availability of LDH in their natural form is limited, but their 

reparation can be easily achieved in both laboratory and indus- 

rial scales at a moderate cost. Depending on the application, sev- 

ral methods were reported for the formation of LDH powders re- 

ying mostly on soft chemistry ( chimie douce ) reactions [ 2 , 45 , 250 ].

ome of these methods are; synthesis by co-precipitation , sol-gel 

ethod using alkoxides and/or acetylacetonate as starting precur- 

ors [ 39 , 251 , 252 ], urea hydrolysis method [253–256] , hydrothermal 

ethod [ 257 , 258 ], reformation [259] and mechanical milling [260–

62] . Since the co-precipitation method is the most straightfor- 

ard and commonly applied “one-pot” method, it will be given 

ore attention in this review. 

Typically, the synthesis by co-precipitation can be achieved at 

ither variable pH (titration co-precipitation) or constant pH con- 

itions. The latter option is preferable to obtain pure, crystalline 

DHs. During the reaction, the pH of the solution is kept constant 

y the simultaneous addition of an alkaline solution (e.g. NaOH 

r NH 3 •H 2 O) together with the precursor solution of mixed metal 

alts (metals that will be part of the LDH). Usually, an alkaline so- 

ution is chosen according to the corresponding metal salts and the 

esired anion to be intercalated between the LDH galleries. Addi- 

ionally, since it is difficult to avoid the presence of CO 2 in air, it

s further advised to work under nitrogen or argon flow to avoid 

he formation of LDH intercalated with carbonates, if these are not 

esirable. The following equations were proposed as an example 

or the formation of ZnAl LDH pigment by co-precipitation method 

263] : 

 n (OH) 2 + 2 NaOH → N a 2 Z n O 2 + H 2 O (15) 

l (OH) 3 + N aOH → N aAl O 2 + 2 H 2 (16) 

lO 

−
2 + ZnO 

−
2 + NO 

−
3 + H 2 O → 

[
Zn 

2+ 
1 −x Al 3+ 

x (OH) 2 
]x + 

(NO 

−
3 ) X · y H 2 O 

(17) 

he LDH product of the synthesis by co-precipitation Eqs. (15 ) 

o ( (17) ) relies upon a crucial control of the pH of the reaction

edium, the concentration and nature of both alkaline and metal 

recursor solutions (besides the molar ratio of the metal cation it- 

elf), the temperature and aging time. 

However, despite the above precautions, it remains very chal- 

enging to avoid the segregation of unwanted products (eg. ox- 

de/hydroxide mixtures) [264] during the precipitation reaction, 

nd this is mostly due to supersaturation and local increase of the 

H. Therefore, it is advised to find a compromise between the dif- 

erent preparation conditions (see Fig. 4 a). 

For instance, as a solution to the local pH increase, urea can 

e used to favor a homogeneous precipitation at a controlled pH 

 255 , 256 , 265 ]. This method leads to the formation of LDH with

 high degree of crystallinity and larger flakes but with a nar- 

ower particle size distribution [255] . However, depending on the 

emperature, the urea procedure relies on a continuous release 

f ammonia and carbonate, generally yielding to the formation of 

arbonate-intercalated LDH [256] . 
8 
The above-mentioned modification of the synthesis bath, can 

ntervene both in the nucleation and growth steps of the LDH. 

he conventional synthesis methods may help further optimize 

he LDH growth, but in most cases, they require a long synthe- 

is time, high temperatures or pressure to obtain a pure-phased, 

ell crystallized LDH that has a homogeneous oriented layer and a 

igh specific area. Therefore, several assisted or/and post-synthesis 

reatment routes have been introduced for tuning the structural 

nd textural properties of LDH powders, during the phase of 

rowth (e.g. good dispersion and uniform distribution of the LDH 

articles), with the additional benefit of a reduced time and pre- 

onditioning ( Fig. 4 b). LDH synthesis using MWs (microwaves) al- 

ows to obtain an enhanced crystallinity together with considerable 

eduction of synthesis time [ 41 , 266–268 ]. This is achieved due to 

 well volumetrically distributed heating, which helps reduce ther- 

al gradients. Indeed, in a study by Benito et al. [266] , SEM (scan-

ing electron microscopy) micrographs of Mg-Al LDH have shown 

ell-defined and very uniformly sized hexagonal platelets ( Fig. 5 

) in comparison with the Mg-Al LDH synthesized under constant 

H conditions without microwaves treatment ( Fig. 5 a). 

In addition to MWs treatment, ultrasound irradiation treatment 

as also applied to achieve a rapid synthesis and improve the crys- 

allinity of the LDH phases. Compared to the traditional stirring, 

ltrasonic treatment allows a better dispersion of particles in solu- 

ion. In this way, the reaction time is shortened and a more uni- 

orm LDH size distribution is obtained ( Fig. 5 c and d) [ 31 , 269–

72 ]. 

.2. LDH pigment anionic exchange for corrosion protection 

Various pathways have been disclosed in order to obtain LDH 

igments intercalated with the desired guest anion between the 

nterlayers. Among the methods for intercalation/immobilization of 

he species in LDH, the most common ones are: (1) the direct in- 

ercalation during the synthesis by co-precipitation, as long as the 

recursors and the reaction medium contain the guest (and not 

ontaminated by the presence of other anions susceptible to be in- 

ercalated) [83] , (2) the post ion-exchange reaction where the al- 

eady formed LDH powder is immersed into a solution medium 

ontaining the salts of the desired guest anion and an anion- 

xchange reaction takes place [ 12 , 273 ], and (3) the calcination- 

econstruction procedure based on a so-called “memory effect”. 

uring heat treatment of the parent LDH (450 °C ≥ T), the inter- 

ayer water molecules are evaporated followed by a dihydroxyla- 

ion coupled to transition metal oxide crystallization and the de- 

omposition of the intercalated anions [ 274 , 275 ]. The mixed oxides 

an be brought into contact with an aqueous solution containing 

he anion to be intercalated; afterwards the LDH containing the 

esired anion can be reconstructed [276] . However, a prerequisite 

f this method is that the anion initially intercalated between the 

ayers must be volatile and should decompose completely without 

orming any mixed compounds with the matrix cations [276] . 

In the area of corrosion protection, most authors use the second 

ethod of post-synthesis treatment by anion-exchange reaction to 

btain LDH with the aimed intercalated species. 

The anionic exchange in LDH depends on several factors such as 

he electrostatic and H-bonding interactions between the mixed- 

etal hydroxide layers and the exchanging anions [277] . Neverthe- 

ess, similarly to the synthesis process of LDH, there are different 

actors that must be taken into account to promote a successful 

nion-exchange reaction. Amongst these factors is the affinity of 

he anion. Miyata et al. [278] claimed that the equilibrium con- 

tant for the exchange reactions increases when the radius of the 

are anion decreases. The smaller the radius and the higher the 

harge densities of the anions, the more favorable is the exchange. 

ased on the calculation of various exchange reaction’s equilibrium 
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Fig. 4. Scheme summarizing the influence (a) of the different parameters during the synthesis of LDH pigments and (b) methods that can be additionally used during the 

synthesis and/or after as a post-treatment. 
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onstant, an order of affinity of LDH to monovalent anions was es- 

ablished as following [ 279 , 280 ]: 

 H 

−> F −> C l −> B r −> N O 3 
−
> I −

nd for divalent anions as: 

 O 3 
2 −

> C 10 H 4 N 2 O 8 S 
2 −> S O 4 

2 −

ccordingly, since NO 3 
− anion has a relatively low affinity, it can 

e easily replaced by other anions. Therefore, nitrate-containing 

DHs are commonly used as parent compounds for subsequent in- 

ercalations (e.g. with corrosion inhibitors). 

Despite the above assertions, it remains possible for low-charge 

nd large anions (including organic species) to be intercalated. In- 

eed, other parameters involved in the anion-exchange reactions 

an be manipulated to facilitate the insertion of different an- 

ons. As a matter of fact, it was shown that some solvents such 
9 
s methanol [281] and glycerol [282] can enlarge the space be- 

ween the LDH interlayers allowing bigger species to be hosted 

 281 , 282 ]. 

Hibino [283] also highlighted the importance of the parent LDH 

rystallinity and the ratio of the metal cations of the LDH hydrox- 

de layers, on the anion exchange selectivity. Choosing MgAl LDH 

s a model system, the following trends were established for a 

ell-crystallized MgAl LDH: the higher is the Mg/Al molar ratio, 

he higher is the selectivity towards NO 3 
− whereas the selectivity 

owards SO 4 
2– and F – is lower. The selectivity toward the different 

nions is less apparent for low-crystallinity LDHs [283] . 

It should be pointed out that from a kinetic point of view, the 

nion exchange reaction is still subject to controversy. Next to the 

arly studies by Miyata et al. [ 278 , 279 ] and Costa et al. [280] , sev-

ral investigations were carried out to understand the mechanism 

nd kinetics involved during the LDH anion exchange reaction es- 
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Fig. 5. SEM images of the Mg-Al LDH synthesized with (a) and without (b) microwave treatment (Reprinted with permission from [266] and [50] ); particle size distribution 

of Zn-Al LDH modified with stirring methods (1) and ultrasonic crystallization (2), and (c) as function of different ultrasonic powers (1) 88 W, (2) 175 W, (3) 250 W (d). 

(Reprinted with permission from [31] ). 
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ecially for bigger species. Meyn et al. [284] investigated the kinet- 

cs of the anion exchange reaction of five LDHs; ZnCr, ZnAl, MgAl, 

aAl and LiAl LDHs, with several long chain organic species (car- 

oxylic acid anions, arenesulfonates, secondary alkanesulfonates, 

lkynebenzensulfonates and ether sulfates). The parent LDHs were 

ynthesized by co-precipitation and intercalated with nitrate. The 

nion-exchange was carried out by the immersion of the parent 

DH into a solution containing the organic species to be inter- 

alated. On one hand, it was found that the LDH is highly reac- 

ive to most organic anions characterized by a fast kinetic and a 

igh exchange rate (80-100 %). Moreover, the rate and degree of 

eaction is generally independent of the chain length of the an- 

on to be exchanged. On the other hand, the investigation showed 

hat due to the small equivalent area of the LDH, the alkyl chain 

ompounds (fatty acid anions, dicarboxylates, alkyl sulfates) are 

ushed to point away from the interlamellar surfaces and to form 

onomolecular films of high regularity [284] . Secondary alkane- 

ulfonates and other specific anionic surfactants (mixtures of iso- 

ers and of compounds with different chain lengths) form well- 

rdered bimolecular films of constant thickness, between the LDH 

nterlayers [284] . 

The mechanism of anion exchange of LDH with inorganic and/or 

rganic species is of particular interest in the field of corrosion 

rotection since it is a determinant factor to whether this novel 

echnology can compete with formal Cr(VI)-based coatings. Indeed, 

he aptitude of LDH to host actives species such as corrosion in- 

ibitors and promote self-healing/active corrosion protection, is the 

ain reason for it to be considered as a suitable alternative. There- 

ore, several studies have been devoted to understanding mech- 

nisms of ion-exchange of corrosion inhibitors [ 49 , 50 , 283 , 285 ].

or instance, Serdechnova et al. [50] , has investigated the an- 

on exchange reaction of ZnAl-NO 3 and MgAl-NO 3 LDHs with 

wo known corrosion inhibitors 2-mercaptobenzothiazole (MBT) 

nd 1,2,3-benzotriazole (BTA). Using X-ray diffraction (XRD) as the 

a

10 
ain investigation tool, it was demonstrated that MBT can be eas- 

ly exchanged and intercalated between the ZnAl LDH and MgAl 

DH layers whereas BTA can only be intercalated within the MgAl 

DH galleries. The anion-exchange reaction of NO 3 
− with MBT/BTA 

as determined to be fast, without formation of intermediate 

hases and more interestingly with a rearrangement step where 

oth organic species adopt a herringbone-like arrangement [50] . 

Altogether, the intercalation of smaller and bigger corrosion in- 

ibitors into LDH has proven to be very attainable. Recent works 

nvolving the corrosion protection of aluminum alloys reported the 

DH intercalation with different inorganic inhibitors such as nitrate 

 48 , 264 ], vanadate [ 286 , 287 ] and phosphate [16] as well as or-

anic inhibitors such as MBT [ 50 , 288 ], quinaldic acid (QA) and BTA

 34 , 236 ], which were effective for AA2024 and other Al alloys (An

verview list of the intercalated inhibitors into LDH will be pro- 

ided in the next section). For the cited organic inhibitors, a prior 

eprotonation in NaOH was performed to convert the molecules 

nto salts, so that they can be intercalated in the anionic form 

ithin the LDH galleries [50] . 

.3. Application of LDH pigments for corrosion protection 

The use of LDH as functional additives in an effort to im- 

lement self-healing/active attributes in a multi-level cor- 

osion protection system was addressed in several works 

 10 , 12 , 13 , 15 , 34 , 83 , 85 , 289 , 290 ]. In this particular case, a multi-

evel protective system refers to the combination of one or several 

orrosion preventive and/or protective mechanisms into one 

ystem [290] ( Fig. 6 ). It is possible to integrate these different 

unctions into one coating systems (e.g. polymer) or distribute 

hem within a frame composed of several layers of coatings. The 

ast approach is generally what is used in industries such as the 

utomotive [ 165 , 291 ]. 
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Fig. 6. Illustration of the multi-level protection approach (modified with permission from [90] ) 

t

h

o

n

L

A

r

t

r

L

u

c

t

t  

b

r

t

p

v

t

L

(

i

c

c

t

t

o

t

t

i

b  

m

fi

m

r

[  

t

b

s

p

o

i

s

(

w

A

t

N

e

t

w

e

b

b

t

t

s

l

(

e

t

p

t

o

t

s

c

s

s

b

Relevant features to the mechanism of active corrosion protec- 

ion as well as the durability of the hosting coating matrix were 

ighlighted, some of which are: 

- Efficient encapsulation of corrosion inhibitors, avoiding their di- 

rect contact with the coating’s matrix, hence preventing both 

an unwanted deactivation and/or depletion of the inhibitor and 

the degradation of the coating [ 15 , 292 ]. 

- Triggered response to an external (e.g. scratch, mechanical 

damage) or internal stimuli (e.g. local change of pH) and re- 

lease of the corrosion inhibitors. This also implies a controlled 

release over an extended period of time and/or a progressive 

release of the active agent into the affected area. 

Buchheit et al . were the first to put forward a concept based 

n LDH as anticorrosion pigments in protective coatings. In a pio- 

eering work published in 2003, Buchheit et al. [83] prepared ZnAl 

DHs (referred to hydrotalcites) by co-precipitation of ZnCl 2 and 

lCl 3 .6H 2 O precursors in a solution containing vanadate as the cor- 

osion inhibitor in its decavanadate form (V 10 O 28 
6 −). The XRD pat- 

erns obtained for LDHs intercalated with decavanadates and chlo- 

ides are shown in Fig. 7 a. Accordingly, the layered structure of 

DH is characterized by the reflections appearing at lower 2 θ val- 

es (between 10 ° to 35 °) whereas the larger 2 θ values are asso- 

iated to the structure within the mixed metal hydroxide layer in 

he compound ( Fig. 7 b). Therefore, during anion exchange reac- 

ion, a displacement of typical ( 003l ) reflections ( l = 1, 2, 3) can

e observed. The anion exchange reaction of vanadate with chlo- 

ides within the LDH intergalleries will lead to the contraction of 

he latter and the formation of smaller crystallites of LDH-Cl. This 

henomenon can be identified by the shift of the LDH containing 

anadate reflections (003, 006 and 009) into lower angles ( Fig. 7 ). 

The corrosion protection provided by vanadate-containing LDHs 

o aluminum alloy 2024-T3 was evaluated by incorporating the 

DH particles (3 wt. %) into a polyvinyl alcohol-based coating 

PVA) [83] . Both salt spray tests (SST) as well as electrochemical 

mpedance spectroscopy (EIS) revealed significant improvement of 

orrosion behavior for AA2024-T3 plates coated with LDH-loaded 

oatings. Mahajanam et al. [32] demonstrated a few years later 

hat in addition to decavanadate, Zn 

2 + leached from the LDH struc- 

ure upon mechanical damage can also contribute to the protection 

f AA2024-T3. This conclusion was made after the analysis of ca- 

hodic polarization curves in the presence of Zn 

2 + . It was shown 

hat a significant decrease of the diffusion limiting current density 
11 
s observed when the concentration of Zn 

2 + increases. This could 

e explained by the formation of a protective Zn(OH) 2 film [ 32 , 34 ].

Williams and McMurray promoted further the use of LDH pig- 

ents as a mean to impart AA2024-T3 with a resistance against 

liform corrosion (FFC). Commercial LDH with a chemical for- 

ula of Mg 6 [Al 2 (OH) 16 ]CO 3 •4H 2 O were subjected to calcination- 

ehydration procedure in order to insert the corrosion inhibitors 

 12 , 13 , 85 ]. As a first proof of concept, LDH intercalated with ni-

rate, carbonate and chromate were incorporated into a polyvinyl 

utyral (PVB) coating and applied to AA2024-T3 panels. After vi- 

ual examination and kinetics investigation by scanning kelvin 

robe (SKP), an effective hindrance to the propagation of FFC was 

bserved for the AA2024-T3 LDH-containing coated panels. The FFC 

nhibition by LDH pigments occurred due to an uptake of aggres- 

ive Cl − anions, hence favoring an increase of the electrolyte pH 

since the formation of HCl is unlikely after the capturing of Cl −), 

hich allows the repassivation of the AA2024-T3 surface [ 13 , 85 ]. 

t the same time, the inhibition effect depends highly on the in- 

ercalated inhibitor and increases in the following order: CO 3 
2 − < 

O 3 
− ˂ CrO 4 

2 −. In another study, the authors renewed the above 

xperiment with a selection of organic inhibitors namely benzo- 

riazolate, ethyl xanthate and oxalate. The resulting LDH pigments 

ere also found to inhibit FFC in AA20204-T3, with the inhibiting 

fficiency increasing in the order of ethyl xanthate << oxalate < 

enzotriazolate [13] . 

Kendig et al. [14] optimized the approach suggested 

y Williams and McMurray by using 2,5-dimercapto-1,3,4- 

hiadiazolate as an organic corrosion inhibitor. The polarization 

ests were performed directly on a rotating Cu disk and have 

hown that this particular 2,5-dimercapto-1,3,4-thiadiazolate 

oaded LDH acted on inhibiting the oxygen reduction reaction 

ORR). Moreover, similarly to strontium chromate, the inhibition 

ffect of this organic inhibitor is irreversible which could imply 

hat its mechanism of action relies on the formation of a possible 

rotective layer. These results suggest that 2,5-dimercapto-1,3,4- 

hiadiazolate loaded LDH could effectively inhibit filiform corrosion 

n AA2024-T3. 

In 2010, Zheludkevich et al. [15] reconsidered the use of LDH in- 

ercalated with speciated vanadates (VO x 
−). Two methods for LDH 

ynthesis were tested: direct co-precipitation in a bath already 

ontaining the vanadate species and anion-exchange after synthe- 

is by co-precipitation with nitrate-based precursors. Although a 

uccessful intercalation of vanadate was indicated by the XRD for 

oth synthesis methods, vanadate-intercalated LDHs obtained by 
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Fig. 7. X-ray diffraction patterns for Al–Zn-decavanadate and Al–Zn-chloride hydro- 

talcite compounds. The approximate ratio of Zn–Al in these compounds is 2–1 (a) 

and schematic illustration of the layered structure in hydrotalcite compounds. The 

structure consists of alternating layers of positively charged mixed metal hydroxide 

sheets and anions. The Gallery heights are calculated from the difference between 

the basal plane spacing and the thickness of the Al–Zn-hydroxide layer (4.77 ̊A) (b). 

(Reprinted with permission from [83] ). 
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nion-exchange were found to be more crystalline than the ones 

btained by direct co-precipitation. The LDH vanadate powders ob- 

ained by direct synthesis generated a relevant amount of amor- 

hous aluminum vanadate phase, which had an immediate impact 

n the release behavior. Indeed, the release profiles of vanadate 

rom ZnAl LDHs obtained by direct synthesis showed a lower con- 

entration of vanadate released into the solution in comparison to 

he ones obtained by anion exchange. Moreover, the release pro- 

le of the LDH vanadate obtained by anion-exchange revealed a 

ast-occurring release during the first hours followed by a chemi- 

al equilibrium. It was also noted that the saturation limit for the 

anadate release diminishes when more LDH-vanadate is added 

nto the solution. The authors argued in this respect, that the ex- 

hange reaction between vanadate and chloride is chemical in na- 

ure and is dominated by an anion-exchange equilibrium rather 

hat a solubility equilibrium. 

A multilayer painting scheme was prepared by incorporating 

he above LDH-VO x pigments (prepared by direct synthesis and 

y anion-exchange) into an aeronautical based painting scheme 

nd applied to AA2024 specimens [15] . The EIS curves together 

ith their fitting models displayed a higher oxide barrier resis- 

ance than that of a conventional chromate-loaded paints. The 

oating resistance was also higher under prolonged immersion 

onditions in the presence of LDHs. In addition, standard tests 

ere performed, including FFC and Q-panel condensation testing 
12 
QCT). While FFC testing revealed that LDHs led to better protec- 

ion against FFC than chromate-loaded paint, QCT testing showed a 

igher number of blisters in the presence of LDHs when compared 

o reference (without any inhibitor additive) and chromate-doping 

ystems [15] . A similar study on the corrosion protection efficiency 

f ZnAl LDH intercalated with vanadate was reported by Vega et al. 

286] . Alkyd based primers with different LDH pigment concentra- 

ion (5 %, 10 % and 15 % ZnAl LDH intercalated with vanadate) were 

repared and their anticorrosion performance were compared to 

hat of a chromate-based coating containing 10 % zinc chromate. 

he best results were obtained with the alkyd primer containing 

0 % ZnAl LDH with vanadate, and confirmed the high potential of 

nAl LDH intercalated with vanadate to replace chromate- based 

ystems. However, much care must be given to the content and 

ispersion of the pigment in a polymer matrix so that they do not 

nterfere with other coating properties such as adhesion. 

Although efficient for the corrosion inhibition of AA2024, vana- 

ate was not the only candidate proposed to be intercalated into 

DH pigments and used to enhance the anticorrosive properties of 

olymer coatings. Other groups proposed the use of organic corro- 

ion inhibitors. For instance, Poznyak et al. [34] investigated the 

se of MBT and QA as possible organic inhibitors to be loaded 

nto ZnAl LDH and MgAl LDH nanocontainers for AA2024 corrosion 

rotection. The different LDHs loaded with organic inhibitors were 

dded to a solution of 0.05 M NaCl (50mg of LDH in 10ml solution) 

nd their anticorrosion performance were tested on AA2024-T3 by 

IS. The best corrosion performance was demonstrated with the 

DH loaded with MBT. Optical micrographs of the AA2024-T3 sam- 

les exposed to the above solution for 2 weeks showed the forma- 

ion of a protective layer with samples exposed to solutions with 

DH loaded with QA and MBT. However, the layer formed from 

he LDH loaded with MBT presented a much denser and compact 

tructure. This formed compact layer allows to provide a long-term 

orrosion protection to the AA2024-T3 panels. 

Over the years, many studies examined the possibility of in- 

ercalating bigger organic corrosion inhibitors for the protection 

f aluminum alloys were published. For instance, Stimpfling et al. 

ave explored through various studies a number of organic in- 

ibitors to be intercalated within the LDH intergalleries. Among 

hem 2-hydroxyethyl phosphate (2-HEP) [54] , ethylenediaminete- 

raacetic acid (EDTA) [55] , organo-modified compounds by ani- 

ine and benzene derivatives [17] as well as various α-amino acid 

olecules [56] . In all mentioned studies, the different produced 

DHs loaded with the organic inhibitors were incorporated into a 

rimer polymer coating and were tested by DC polarization and EIS 

echniques. They have all shown viability as potential self-healing 

orrosion protective systems for AA2024. 

An attractive feature of encapsulation of corrosion inhibitors in 

anocontainers is the possibility to combine different inhibiting 

pecies in the same coating system. Tedim et al. [16] examined 

he possibility of combining LDHs loaded with different inhibitors 

n the intention of achieving synergistic effect for active corrosion 

rotection of AA2024. The inorganic inhibitors vanadate (VO x 
n −) 

nd phosphate (H x PO 4 
n −) together with the organic inhibitor MBT, 

ere chosen to be loaded separately into LDH and the mix was in- 

orporated in a polymer matrix (ratio 1:1 and total amount of dry 

DH was 10 %) or directly dispersed in the electrolyte (ration 1:1 

nd total concentration of LDH was 5 g.L −1 ). In the latter case, EIS 

esults showed that the combination of vanadate-containing LDH 

ith MBT- or phosphate-containing LDHs revealed a clear syner- 

istic effect. Once the LDH pigments were added into the coating, 

he synergistic effect was limited due to the interaction between 

he LDHs and the polymer matrix. The best corrosion performance 

as observed for the system constituted by LDH-MBT added in sol- 

el pre-treatment + LDH-VO x in the primer. Both coating and ox- 

de resistances obtained from EIS fitting showed the highest values 
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Fig. 8. Scheme of AA6061 + CFRP setup (a), microphotographs of coated galvanic model-cell (b). The SVET maps for the sample with blank epoxy coating (c) and for 

the coating loaded with combination of nanocontainers (LDH-BTA + bentonite-Ce 3 + ) (d) obtained after 2 h, 12 h and 24 h of immersion in 0.05 M NaCl (reprinted with 

permission from [236] ) 
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mong the investigated systems. The proximity of the LDH-MBT to 

he substrate provides a short protection while LDH-VO x present 

n the primer can provide a long-term protection. 

In a similar experiment, Subasri et al . [18] prepared Zn-Al LDH 

igments loaded separately with vanadate, MBT, molybdate, phytic 

cid and 8-hydroxyquinoline (8-HQ). The loaded LDH were then 

aken and dispersed individually in a hybrid sol-gel silica ma- 

rix. The obtained LDH- containing sol-gel silica coatings were ap- 

lied to AA2024-T3 substrates according to a bilayer configura- 

ion, with the first sol-gel layer containing LDH loaded with either 

BT, molybdate, phytic acid or 8-HQ and the second layer being 

n every case silica with LDH-vanadate. EIS, DC polarization and 

ST assessment of the different configurations showed enhanced 

orrosion resistance even when compared to chromate conversion 

oated samples owing to a barrier protection combined with the 

riggered response from the release of the corrosion inhibitors. The 

est corrosion performance was achieved with the bilayer configu- 

ation containing LDH-vanadate/LDH-molybdate. Besides, no inter- 

erence with the adhesion strength was found for all five systems. 

The idea of mixing inhibitors has been also applied to prevent 

he galvanic corrosion of aluminum alloy (AA6061) coupled with 

arbon fiber reinforced plastic (CFRP). Serdechnova et al. [236] ex- 

loited a combination of two nanocontainers, one being MgAl LDH 

oaded with BTA and the other was bentonite impregnated with 

erium. Fig. 8 a and b represent the specimen design, which illus- 

rates the AA6061 alloy galvanically-coupled with CFRP and em- 

edded in an inert epoxy resin. The sample was coated with a 

ommercially available bi-component epoxy resin containing the 

wo nanocontainers. The self-healing ability of this model speci- 

en was tested by applying two artificially made needle-like de- 

ects, located in both materials of the AA6061 + CFRP galvanic cou- 

le. The activities on the surface with immersion time was mon- 
13 
tored by scanning vibrating electrode technique (SVET) ( Fig. 8 c 

nd d). Anodic and cathodic current densities are well defined and 

ocated strictly at the artificial defect zones over AA6061 and CFRP 

n both cases at the beginning of immersion [293] . The blank sys- 

em demonstrated relatively stable values of corrosion currents in 

he defects during the measurement time of 24 hours, while a 

ell-defined self-healing effect is observed in the case of the coat- 

ng impregnated with nanocontainers. 

The above cited works prompt one to think on possibilities of 

sing rare earth compounds such as cerium for the corrosion pro- 

ection of Al alloys. In this regards many attempts were done to 

ntroduce rare earth compounds into the LDH structure, most of 

hich involve the rare earth cations (e.g. Ce 3 + , La 3 + etc.) to be 

dsorbed or directly integrated into the brucite-like sheet of the 

DH layers and this mostly for other application than corrosion 

 40 , 273 , 294–297 ]. 

Nevertheless, the procedure used to benefit from rare earth and 

DH together in one framework is not straightforward owing to the 

act that they are positively charged (not possible to intercalate) 

nd have a large ionic radius (difficulties to insert in the mixed- 

etal composition of the double hydroxide layers). However, some 

trategies mostly focusing on cerium, were developed for the cor- 

osion protection of AA2024. 

Liu et al. [298] prepared ZnAlCe-LDH powders with different 

e 3 + / (Al 3 + + Ce 3 + ) ratios by the co-precipitation method. The XRD 

esults showed an increase of the d-spacing to higher values pro- 

ortionally to the content of cerium. The authors argued that this 

ncrease is proof of successful insertion of Ce 3 + within the hy- 

roxide sheets. It was demonstrated that the best corrosion per- 

ormance on AA2024 was attained using the ZnAlCe-LDH with the 

bove ratio of 0.1 because of a synergistic mixture of ZnAlCe-LDHs 

nd CeO 2 nanoparticles. 
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Fig. 9. Approach used in the surface modification of LDHs with PSS, PAH and cerium (III) nitrate (reprinted with permission from [51] ) 
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Relying on a different method, Carneiro et al. [51] managed to 

uild an optimized LDH framework through a layer by layer (LbL) 

pproach in order to allow the hosting of two type of corrosion in- 

ibitors (MBT + Ce 3 + ). The MBT organic anion was loaded into the 

DH galleries whereas the Ce 3 + was hosted between the PSS/PAH 

ayers (see Fig. 9 ). This concept allows to obtain a synergistic in- 

ibition effect by the combination of MBT and Ce 3 + within one 

anocontainer. 

Electrochemical studies based on EIS and direct current (DC) 

olarization on AA2024 coated with a sol-gel coating containing 

hese LbL modified LDHs (0.5 wt. %), revealed an improvement 

f the corrosion resistance properties in comparison to the refer- 

nce coating and the one loaded with just LDH-MBT. This behavior 

as associated to the poor interaction of MBT (which may be re- 

eased at an early stage of coating preparation) with the sol-gel 

atrix, when LDHs are not covered with polyelectrolytes. There- 

ore, the additional polyelectrolyte treatment allowed not only to 

ntegrate cerium inhibitors into the LDH framework but also to 

romote compatibility between the pigments and the polymer 

atrix. 

Aside from offering the possibility of a “smart” active corro- 

ion protection, LDH pigments can also play a role in the pre- 

ention of corrosion. In some of the above reviewed studies, the 

ano-trapping and sensing aspects of LDH nanocontainers has of- 

en been mentioned [ 34 , 83 , 238 ]. These two features are often

elated since the first action, nano-trapping, is an indication of 

hanges happening at the interface of the Al alloy which is trans- 

ated as a sensing property. This was emphasized in a work by 

uchheit et al. [83] . According to this investigation, a change in 

he basal spacing of LDH would mean a nucleation of a new LDH 

hase containing the corrosive species chlorides or sulfate. This 

hange in basal spacing can be uncovered by XRD analysis and 

ould be a primary indication of electrolyte permeation in the 

oating. 
14 
The entrapment of aggressive ions such as chlorides was also 

ddressed in more details in the study by Tedim et al. [35] . ZnAl

DH loaded with nitrate and chlorides were prepared and incorpo- 

ated into an aliphatic- and acrylic-based polyurethane (automo- 

ive coating) and were subjected to permeability tests in a solution 

f 0.5 M NaCl. It was found that the permeability of the coatings 

s 20 times lower in the presence of ZnAl LDH loaded with nitrates 

han it was in the presence of ZnAl loaded with chloride or with- 

ut LDH. This positive effect was associated to the entrapment of 

he chloride by the ZnAl LDH nitrate through an anion exchange 

rocess. This was demonstrated by the shift of the XRD reflection 

f the ZnAl LDH nitrate to higher angles, due to the substitution 

f nitrate with chlorides between the LDH layers. After a month 

f measurement, 70 % of the nitrate were exchanged with chloride 

ons. 

In a different manner, the sensing functionality of LDH was 

ddressed by Wong et al. [289] . The structural memory effect of 

i 2 [Al 2 (OH) 6 ] 2 CO 3 •nH 2 O LDH powder was utilized to detect the 

ater uptake in optically opaque organic coatings in a remote 

nd non-destructive manner. The LDH was synthesized by co- 

recipitation and calcined in air (220 °C < T) and the resulting LiAl 

ixed hydrated oxide powder were incorporated into a commer- 

ial epoxy resin. The coating was applied on AA2024-T3 plates and 

xposed to 0.5 M NaCl solution for different periods. Using XRD as 

he main investigating tool, the rehydration transformation of the 

alcined LDH could be monitored and quantified by evaluating the 

eak height ratio (PHR) of the LDH characteristic reflection (003). 

ater-uptake is generally considered as the first step of more se- 

ious consequences for metal corrosion such as blisters, delamina- 

ion and adhesion loss. This approach is suggested to prevent this 

rom happening by an efficient and early detection of water-uptake 

n organic coatings. 

As highlighted in the earlier sections, LDH nanocontainers have 

een exploited in different ways to offer extrinsic self-healing 
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Fig. 10. Scheme summarizing a few challenges that may be encountered when using LDH nanocontainers as additives in a polymer matrix (modified from [293] ). 
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unctionalities (see Table 3 ). They can be integrated in frame of 

 much complex multi-level corrosion protective system. However, 

ne would think that using LDH as pigments would still lead to the 

ncountering of some of the issues discussed in Section 2.3 and 

escribed in Fig. 10 . However, through the previous sections, we 

earned that LDH can be tuned to fit the various requirements in 

rder to obtain a reliable active corrosion protective system. 

For instance, osmotic blistering that is caused because of a con- 

entration difference across the coating membrane, can be pre- 

ented by controlling the amount of inhibitor loaded into the 

anocontainer as well as the amount of LDH nanocontainers host- 

ng the so-called inhibitor. This could also contribute for the reduc- 

ion of coating disbonding and delamination. There are established 

esting and monitoring methodologies that can be followed to ob- 

ain an optimized coating system. For instance, Mahajanam and 

uchheit managed to define a critical percentage/concentration of 

DH pigments below which blistering starts to take place for a 

rimer [299] . This was achieved by visual examination of epoxy 

rimers containing different LDH concentration, applied into glass 

ubstrates and immersed them into an aggressive media. Zhelud- 

evich et al. relied on Q-Panel condensation test (QCT) (ASTM D 

585–99) to evaluate the degree of blistering caused by the in- 

orporation of LDH pigments into a water-based epoxy primer 

15] . Chico et al. compared the degree of blistering of LDH, chro- 

ate and Ca/Si pigments added into an alkyd coating based on 

STM D714-56. Vega et al. [286] tested and evaluated different 

DH/coating ratios using the same standard. 

The issue of compatibility between the LDH pigment and the 

olymer can be overcome by modification of their outer surface 

sing surfactants or other organic compounds. Studies have re- 

orted the modification of the LDH surface to achieve different 

roperties. Just to cite a few examples; LDH was modified with 

etyl trimethyl ammonium bromide (CTAB) and octadecyl trimethyl 

mmonium bromide (ODTMA) surfactants to obtain better photo- 

atalytic properties [300] . In another work, the hydroxyl groups on 

 MgAl LDH surface were altered by the introduction of amine 

roups to help improve the LDH drug delivery property by en- 

ancing their compatibility with blood [ 301 , 302 ] but also their 
15 
hysical adsorption of CO 2 , when it comes to environmental ap- 

lication [303] . MgAl LDH surface could also be changed from hy- 

rophilic to hydrophobic to enhance flammability properties us- 

ng different surfactants [304] . For anti-corrosion applications, Hu 

t al. [305] reported the possibility of chemically grafting ZnAl LDH 

anocontainers loaded with vanadate in order to make it com- 

atible for incorporation in a commercial epoxy coating. Briefly, 

he ZnAl LDH-nitrate was prepared by co-precipitation followed 

y an anion-exchange reaction to intercalate vanadate. The ob- 

ained ZnAl LDH loaded with decavanadate was then subjected to 

 hydroxylated treatment before its immersion in a solution of γ - 

minopropyltriethoxysilane (APTS) to form a bonding layer at the 

urface of the LDH. The final step consisted of an in-situ polymer- 

zation of polyaniline (PANI) in the presence of the APTS mod- 

fied ZnAl LDH to produce a polymer–clay composite PANI/ZnAl 

DH loaded with decavanadate (see Fig. 11 ). The resulting surface 

ngineered LDH could easily be incorporated in an epoxy based 

oating and offer efficient corrosion protection to mild steel sub- 

trate [305] . A similar surface modification was also attained with 

he work of Du et al. [306] , where camphorsulfonic acid doped 

olyaniline(CPANI)-modified MgAl LDH composites were fabricated 

hrough an oxidative polymerization process. The altered LDH pig- 

ents allowed not only to ensure compatibility between the LDH 

igment and the waterborne epoxy resin, but also to allow a bet- 

er dispersion of the LDH and avoid the probability of agglomera- 

ion. Although this coating presented no active corrosion protective 

unctionalities (no inhibitor loaded into LDH), it did exhibit supe- 

ior barrier protection to the mild steel. 

Industrial coating systems such as primers are generally com- 

osed of several different components and fillers that enhance the 

roperties of the coating and guarantees a long-lasting use. For in- 

tance, different types of surfactant can be found on a paint sys- 

em such as: i) dispersing agents that promote the dispersion of 

olid particles and prevent their flocculation/segregation through 

harge stabilization and, ii) wetting agents that help reduce the in- 

erfacial tension at the solid-liquid interface (e.g. between a solid 

igment and the liquid polymer coating) enables the water to wet 

he pigment particles, hence allowing the good insertion of the lat- 
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Fig. 11. Schematic illustration of the obtained PANI grafted APTS modified ZnAl LDH loaded with decavanadate. (Reprinted with permission from [305] ). 

t

t

f

p

c

t

t

s

o

o

i

c

a

s

o

d

e

t

i

h

t

t

n

f

n

n

o

c

p

l

g

t

a

t

s

w

t

t

s

a

s

i

s

c

L

c

L

i

i

fi

a

t

p

i

T

i

c

b

c

f

a

i

c

a

a

C

(

o

d

c

s

r

g

a

er. Some wetting surfactants can also facilitate the application of 

he coating on a substrate, thus improving adhesion [307] . Aside 

rom the additives in the coating itself, the mixing process of the 

igments and polymer matrix is generally achieved with sophisti- 

ated industrial mixing tools or agitators that contribute greatly in 

he optimization of the final coating formulation. Consequently, all 

hese parameters should be taken into consideration as they can 

ignificantly facilitate the incorporation of LDH pigments into an 

rganic coating. 

It should be emphasized that, to this day, the reported studies 

n LDH nanocontainers and their incorporation in an organic coat- 

ng, do not show an important diversity in terms of the selected 

oatings. It is important to perform more systematic and compar- 

tive investigations to find a range of formulations that are most 

uitable for the different available LDH pigments. Moreover, some 

f these investigations should include mechanistic and kinetic un- 

erstanding of the inhibitor release from the LDH nanocontain- 

rs. The selected coating formulations should not interfere with 

he inhibitor release characteristics of the LDH nanocontainers but 

nstead, it should allow an efficient diffusion of the released in- 

ibitors into the unprotected area. It has been recently shown that 

he leaching kinetics of corrosion inhibitors and their diffusion and 

ransport through the coating matrix are two independent phe- 

omena. Accordingly, the leaching of the corrosion inhibitors starts 

rom a cluster of connected inhibitors pigments and proceeds until 

o more species are left in the clusters. The removal of the con- 

ected inhibitor leads to the formation of a percolating network 

f connected voids that will enable the easy transport of further 

orrosion inhibitor species [308] . Therefore, when it comes to LDH 

igments, one can suppose that the first stage related to the re- 

ease of inhibitor from the LDH pigments, depends on the trig- 

er and the solubility of the inhibitor whereas, the second stage 

hat is the leaching process over time, is controlled by the cre- 

tion of a percolating network of voids that will allow further 

ransport of the inhibitors [308–311] . The described model was 

ummarized into a parameter called the “percolation threshold”, 

hich is the critical value of inhibitor pigment volume concentra- 

ion (PVC) that needs to be considered during a coating formula- 

ion [310] . However, this model above was established on the ba- 
16 
is of a direct addition of inhibitors into the coating formulation 

nd it is expected that the mechanism may differ for an encap- 

ulated inhibitor. Therefore, for the coating formulation contain- 

ng LDH loaded with corrosion inhibitors, the percolation threshold 

hould be defined by considering the following factors: the per- 

entage of inhibitor loaded into the LDH, the volume of the final 

DH loaded with inhibitors, the efficiency and dissolution of the 

orrosion inhibitor, the release kinetics of the inhibitors from the 

DH. 

Adjusting the model to a system based on LDH encapsulated 

nhibitor is key for the smooth integration of these nanocontainers 

nto industry. 

Through the previous sections, it could be undoubtedly con- 

rmed that the use of LDH nanocontainers as “smart” carriers for 

ctive agents in a coating framework, can be considered as a po- 

ent strategy to replace Cr(VI) pigment-based systems. The LDH 

igments can be prepared through various methods with a chem- 

cal composition that can be easily varied according to the needs. 

hey can host several corrosion inhibitors, organic and inorganic 

nhibitors either in frame of the same LDH nanocontainer or as a 

ombination of several LDHs containing different inhibitors. It can 

e surface engineered to allow the intercalation of a diversity of 

orrosion inhibitors (e.g anions and cations inhibitors in an LbL 

ramework), or surface modified to promote compatibility within 

 coating formulation. It offers protection to the hosted corrosion 

nhibitor and allows its controlled release when triggered by spe- 

ific factors (e.g. pH, chlorides…). These are just a few advantages 

mong others. A summery of the reviewed studies in this section 

re represented in Table 4 . 

LDH pigments may be regarded as possible alternatives to 

r(VI) pigments but not to chromate-based conversion coatings 

CCC). This fact is simply due to the distinct role played by an 

rganic coating containing active pigments and a conversion layer 

irectly generated on the surface of an Al substrate. A conversion 

oating does not only improve the corrosion resistance, but also 

trengthens the adhesion to subsequent organic coatings. As a di- 

ect alternative to CCC, LDH conversion coating (LDH-CC) is sug- 

ested . And it offers as much advantages as presented for the LDH 

s pigments. This will be reviewed in the following sections. 
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Table 4 

Summary of the studies reporting the use of LDH pigments for the corrosion protection of Al alloys. 

Parent LDH Synthesis 

Intercalation 

Polymer matrix Properties Alloy Ref. 
Method Anion 

ZnAl/VO x Co-precip. Direct- synthesis VO 3 
−

V 10 O 28 
6–

PVA/thick.: 3 μm 

(dry) 

Anticorrosion/ 

sensing 

AA2024-T3 [ 32 , 83 ] 

LiAl/CO 3 Co-precip. Direct- synthesis CO 3 
2 − Epoxy resin /thick.: 

126 μm (dry) 

Sensing by calcina- 

tion/reconstration 

AA2024-T3 [289] 

MgAl/CO 3 Commercial Calcination- 

reconstraction 

NO 3 
−

CrO 4 
2–

PVB/ thick.: 30 μm 

(dry) 

Inhibition of FFC AA2024-T3 [ 12 , 13 , 85 ] 

Anion-exchange ethyl xanthate, 

oxalate and BTA 

PVB/ thick.: 30 μm 

(dry) 

Inhibition of FFC AA2024-T3 [13] 

Anion-exchange 2,5-dimercapto- 

1,3,4-thiadiazolate 

Tested in solution 

(5 % NaCl) 

Inhibition of FFC 

and ORR 

AA2024-T3 [14] 

ZnAl/NO 3 

MgAl/NO 3 

Co-precip Direct synthesis 

and 

anion-exchange 

VO 3 
− Water based epoxy 

primer / thick.: 30 

μm (dry) 

Active corrosion 

protection 

AA2024-T3 [15] 

ZnAL/VO x Co-precip Direct synthesis VO x 
n − Alkyd based 

primer /thick.: 

60 ±10 μm (dry) 

Active corrosion 

protection 

AA2024-T3 [286] 

ZnAl/NO 3 

MgAl/NO 3 

Co-precip Anion-exchange QA and MBT Tested in solution 

(0.05 M NaCl) 

Inhibition of 

corrosion 

processes 

AA2024-T3 [34] 

ZnAl/NO 3 

MgAl/NO 3 

Co-precip. Anion-exchange 2-HEP Epoxy- 

primer/thick.: 50 

μm (wet) 

Active corrosion 

protection 

AA2024-T3 [54] 

ZnAl/NO 3 EDTA [55] 

ZnAl/NO 3 3-ABSA, 4-ABSA, 

3,4-HHBA 

[17] 

MgAl/NO 3 

LiAl/NO 3 

l -Cys [56] 

ZnAl/NO 3 Co-precip Anion-exchange VO x 
n − , H x PO 4 

n − and 

MBT 

Water based epoxy 

primer / thick.: 25 

μm (dry) 

Active corrosion 

protection 

AA2024 [16] 

ZnAl/NO 3 Co-precip. Anion-exchange VO x 
n − , MBT, MoO 4 

2 − , 

phytic acid and 

8-HQ. 

Sol-gel/thick.: 20 

μm (dry) 

Active corrosion 

protection 

AA2024-T3 [18] 

ZnAl/NO 3 Co-precip. Anion-exchange BTA Water based epoxy 

primer / thick.: 40 

μm (wet) 

Active corrosion 

protection 

AA6061 

(coupled with 

CFRP) 

[236] 

ZnAlCe/ 

NO 3 

Co-precip. Ce 3 + insertion on 

the LDH hydroxode 

layers (not 

intercalated) 

Sol-gel/ thick: 

undefined 

Synergistic 

inhibition/ Active 

corrosion 

protection 

AA2024 [298] 

ZnAl/NO 3 Co-precip. Anions-exchange MBT + Ce 3 + 

(inserted by LBL 

surface modification 

of LDH) 

Sol-gel/ thick.: 

undefined 

Synergistic 

inhibition/ Active 

corrosion 

protection 

AA2024-T3 [51] 
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. LDH as a functional conversion layer 

In previous sections, studies on the use of LDH as pigments 

o improve corrosion protection of different hybrid and organic 

oatings were reviewed and, in some cases, their performance 

ould match or exceed chromate-based pigments. However, sim- 

larly to Cr(VI) technology, LDH can also be directly applied to the 

etal surface in form of a conversion layer [ 10 , 33 , 38 , 48 ]. Keep-

ng in mind that most well-known and studied LDHs are based 

n compositions such as ZnAl or MgAl, attempts to develop LDH- 

ased conversion films have occurred during the last 25 years 

 8 , 10 , 11 , 48 , 86 , 240 , 244 , 312–317 ]. On one hand, this work can be

onsidered as a new field with methodologies competing with 

hrome-free conversion treatments. On the other hand, it is an ex- 

ension and improvement of already existing processes such as the 

ealing steps in anodizing processes. 

Just like the conversion coatings described in Section 2.2 , LDH 

onversion layers can be prepared directly on the surface of the Al 

ubstrate through a chemical/electrochemical conversion process. 

he active corrosion protective property is implemented by the in- 

ercalation of corrosion inhibitors between the LDH-CC galleries. In 

he event of mechanical damage or changes the interface (e.g. pH, 

resence of chlorides or/and sulfate, etc.), the LDH-CC is triggered 
b

17 
nd a subsequent release of the corrosion inhibitors takes place, 

ollowed by the entrapment of aggressive species. Hence, imped- 

ng the corrosion activity at the affected zone ( Fig. 12 ). 

A comprehensive understanding of the LDH-CC synthesis and 

echanism of corrosion protection of Al alloys, is provided in the 

ext sections. 

.1. LDH-CC Synthesis 

From the time of the first reported achievement of LDH as con- 

ersion coatings for Al alloys [8–11] , studies on the optimization 

nd modification of the morphology and properties of these LDH 

lms have been constantly increasing. According to the recent re- 

iew by Guo et al [63] , two main pathways can be adopted to ob-

ain LDH-films, by physical deposition or in-situ formation. 

Physical deposition methods include Layer-by-layer (LbL) 

 241 , 318–321 ], solvent/colloid evaporation [322–325] , and 

ol-gel spin-coating techniques [ 63 , 326 ] . Although these phys- 

cal deposition methods allowed the preparation of diverse LDH 

lms with interesting properties, they have not been relevant for 

nti-corrosion applications. This may be associated with the fact 

hat physical deposition does not allow an intimate connection 

etween the substrate and the LDH film. Indeed, the substrate 
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Fig. 12. Scheme describing the corrosion protection mechanism of LDH-CC prepared on an Al substrate. 
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oes not serve as precursor. This means that the adhesion is weak 

hich clearly is an obstacle for corrosion protection purposes. 

oreover, the shape of the substrate could be an issue since with 

eposition methods, it may be challenging to cover surfaces with 

omplicated shapes [ 63 , 327 ]. 

Contrary to physical deposition methods, in-situ LDH prepara- 

ion allows an immediate contact of the LDH film layer and the Al 

ubstrate. In-situ LDH growth can be achieved either by electrode- 

osition or by co-precipitation treatment. 

In-situ growth by electrodeposition is fairly known 

 33 , 38 , 63 , 312 , 326 ]. Most reported studies state that the elec-

rodeposition of LDH film is based on the reduction of nitrate ions 

nd the generation of OH 

− ions (see Eq. (14 )), which will lead to

n increase of the local pH of the working electrode namely the 

ubstrate to be treated [33] . 

O 

−
3 + H 2 O + 2 e − ↔ NO 

−
2 + 2 O H 

− E 0 = 0 . 01 V (14)

This increase of pH drives the precipitation and formation of 

he LDH film on the substrate. However, the substrate to be treated 

s not the source of the cations involved on the LDH film growth. 

his is why various conducting materials such as Pt [ 33 , 43 , 328 ],

u [33] , glassy carbon [329] and Ni [330] could be treated with 

DH films. This approach is more adequate for the area of energy 

onversion and storage [ 70 , 71 ] and has not been adopted for corro-

ion protection purposes, up to now. The reason might be that the 

esulting LDH has a disordered orientation with low crystallinity 

nd purity due to the formation of unwanted intermediate phases 

eg. metal hydroxides/oxides). This could interrupt further growth 

nd thickening of the LDH film during the preparation process. The 

ther important drawback of this method is the poor adhesion of 

he formed LDH film to the metallic substrate [331] . 

The second and most known pathway for in-situ LDH growth is 

y co-precipitation, which allows the formation of 2D perpendic- 

lar oriented LDH flakes [326] . From a chemical point of view, in- 

itu LDH growth is considered more advantageous since it involves 

he formation of chemical bonds, which strengthen the adhesion 

f the film. Moreover, in-situ LDH film formation is a one-step pro- 

ess and occurs independently of the shape of the substrate. This 

eans that this method can be applied to a large area of appli- 

ation [63] . The simplest in-situ LDH growth can be achieved by 

 co-precipitation process , which is an extension of the LDH pow- 

er synthesis by co-precipitation. In this case, the substrate to be 

reated is generally also one of the precursors. In the case of Al 

ubstrate, M/Al LDH films can be fabricated by the immersion of 

he substrate in a bath containing a metal cation M 

2 + /M 

+ (Zn 

2 + , 
g 2 + , Li + ...etc.) precursor in certain conditions (pH, temperature, 

oncentration etc.) while the Al 3 + ions are generated by the dis- 
18 
olution of the Al substrate. Since this process is derived from the 

o-precipitation method for LDH powder synthesis, most facts as- 

ociated with the former method apply for the LDH film formation. 

n other words, the synthesis can be achieved by using urea [312] , 

mmonia [314] or simply sodium hydroxide [44] as precipitating 

gents. However, as mentioned in the first section of this review, 

he final morphology of the 2D LDH flakes will vary according to 

he used precipitating agent. About corrosion application, the co- 

recipitation synthesis using ammonia or sodium hydroxide is gen- 

rally the method of choice. The reason being the same as for LDH 

ynthesis as pigments, the urea hydrolysis tends to release carbon- 

tes that will in turn be intercalated into the LDH galleries which 

s unwanted (since carbonate cannot be easily exchanged). 

In the following sections, most of the LDH functional layers 

ere prepared by in-situ hydrothermal/co-precipitation method. 

.2. LDH- CC anionic exchange for corrosion protection 

Contrary to LDH nanocontainers in form of pigments, there 

as not been many studies in terms of intercalation possibilities 

or LDH in form of conversion coatings especially in the area of 

orrosion protection. In the context of corrosion protection, vana- 

ate was the most utilized model corrosion inhibitor. First, because 

anadate is a known efficient inhibitor for the corrosion protection 

f Al alloys [ 92 , 332 , 333 ] and second, the successful intercalation

f vanadate anions between the LDH layers has been evidenced 

hroughout several investigations [ 44 , 48 , 286 , 287 , 314 ]. Other cor-

osion inhibitors namely molybdate (MoO 4 
2 −) [52] , MBT [ 52 , 334 ]

nd 8HQ [335] have also been claimed as potential candidates to 

e intercalated between the LDH layers. 

So far, the intercalation process of the cited species was car- 

ied out through anion-exchange reaction by simple immersion of 

he LDH treated Al alloy into a solution containing the respective 

pecies at a specific pH, concentration and temperature. Most of 

hese conditions were derived from the knowledge acquired from 

he anion-exchange reactions carried out with LDH in form of pig- 

ents [ 18 , 19 , 50 , 288 ]. This also includes the preference of selecting

DH intercalated with nitrate as a parent LDH, since similarly to 

he LDH pigments, LDH films intercalated with OH 

− and CO 3 
2 − are 

hallenging to exchange [ 79 , 334 ]. 

One can suppose that the lack of possibilities in terms of 

pecies that could be intercalated in the LDH-CC can be associ- 

ted to the inelastic nature of the LDH film lamella. Indeed, as 

hown in earlier sections, a wide range of inorganic and organic 

pecies could be intercalated into LDH powders and most argued 

hat it was due to the nature of the LDH pigments to expand 

nd host even bigger molecules. In the case of LDH-CC a strain 
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Fig. 13. XRD pattern of ZnAl LDH in form of powder a) and film b) before and after anion- exchange reaction NO 3 
− → MBT − . (reprinted with permission from [50] and 

[334] ). 
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ay exist, since the LDH films are chemically bonded into the 

reated metal substrate. Hence, two possible scenarios can be pre- 

icted; (i) the bigger molecules may cause a forced expansion of 

he LDH flakes that will be accompanied by a fragmentation of 

he LDH crystallites [ 334 , 336 ] or, (ii) the LDH will not expand

nd the species do not intercalate between the layers. For in- 

tance, Neves et al. [334] noticed that after anion exchange re- 

ction from NO 3 
− to MBT − in ZnAl LDH-CC the XRD reflections 

003) and (006) corresponding to the LDH-NO 3 phase have disap- 

eared and a new peak has appeared at lower angles (to the left) 

 Fig. 13 b). This is in agreement with the peak shift observed with

nAl LDH in form of powders ( Fig. 13 a). Moreover the (001) and

113) reflections associated to the LDH hydroxide structure have 

ot changed after anion-exchange reaction. This was enough to 

rove the successful intercalation of the organic corrosion inhibitor 

 Fig. 13 b). 

However, when comparing XRD patterns obtained with ZnAl 

DH intercalated with MBT − in form of pigment ( Fig. 13 a) and 

n form of conversion coatings ( Fig. 13 b), it can be disputed that

he amount of LDH phase, in the case of LDH-CC, after the anion 

xchange process with MBT −is much lower and less crystalline in 

omparison to the parent LDH-CC with NO 3 
−. The latter finding 

as explained by the fact that since LDH-CC are attached to the 

etal surface, there is a high probability for the LDH film to be 

ragmentated [334] . 

The hypothesis of possible fragmentation was also suggested in 

 recent work by Bouali et al. [248] . The authors monitored the 

nion exchange reaction (NO 3 
− → Cl −) of ZnAl LDH film grown 

n AA2024 and zinc substrate to track the kinetics differences. 

he measurements were carried out in in-situ mode, using syn- 

hrotron high performance X-ray diffraction. In both cases, when 

nAl LDH is grown on AA2024 and pure zinc, an important amor- 

hous phase was noticed on the XRD patterns which was associ- 

ted to a decomposition of the LDH crystallite as a result of the ex- 

hange reaction. This is an interesting fact, considering that Cl − an- 

ons are much smaller than both NO 3 
− and MBT −. In other words, 

n expansion or contraction of the LDH galleries may always in- 

uce stress leading to a partial or a total fragmentation of the LDH 

rystallites. The study also revealed some other characteristics of 

he anion placement between the LDH galleries. For instance, it is 
n

19 
laimed that the nitrate anions are positioned in a 70 ° angle, per- 

endicular to the cationic layers to achieve the highest compen- 

ation of the charge. After intercalation with chlorides, the basal 

pacing is reduced, followed by a decrease of the LDH crystal- 

ite size [248] . The latter effect is more pronounced for the LDH 

rown on pure zinc. Although this review focused on LDH films 

roduced on Al alloys, it is important to point out that this com- 

arative investigation showed that the kinetics of exchange reac- 

ion (NO 3 
− → Cl −) is faster for the LDH films grown on pure zinc 

han the ones on AA2024. Moreover, the resulting interlayer ar- 

angement of the LDH-Cl is dissimilar in both cases. This entails 

hat the starting substrate for LDH growth may greatly influence 

he kinetics of anion-exchange reactions. 

Based on the same investigation tools of the above cited work 

248] , Iuzviuk et al. [317] managed to establish a kinetic trend of 

nion-exchange for a few corrosion relevant species namely Cl −, 

O 4 
2 − and VO x 

n −. The parent ZnAl LDH film intercalated with ni- 

rates were produced on a pure zinc substrate. Three exchange 

eactions were monitored: ZnAl LDH-NO 3 → ZnAl LDH-SO 4 , ZnAl 

DH-NO 3 → ZnAl LDH-Cl and ZnAl LDH-NO 3 → ZnA LDH-VO x . It 

as found that the first two reactions occur faster than the latter 

eaction. Based on an Avrami-Erofeev (AE) analysis, it was found 

hat the above anion-exchange processes happen in two stages, 

he first is a two-dimensional diffusion-controlled reaction, and the 

econd is characterized by a one-dimensional diffusion-controlled 

eaction. Both stages include a decelerator nucleation effect. The 

ast anion-exchange reaction Zn-LDH-NO 3 → Zn-LDH-VO x is gov- 

rned by a slow reaction , which the authors attributed to an in- 

uence of the vanadate speciation characteristics. Indeed, two LDH 

tructures were identified that were attributed to the ZnAl LDHs 

ntercalated with V 4 O 12 
4– and V 2 O 7 

4–. These polyvanadates were 

laimed to be promoting efficient corrosion inhibition of Al alloys 

44] . The results of their kinetic study helped define a sequence 

f priority for anion-exchange reactions, with the parent ZnAl LDH 

NO 3: 

l − > SO 

2 −
4 > V 4 O 

4 −
12 or V 2 O 

4 −
7 

As mentioned before, the starting substrate may affect the ki- 

etics of anion exchange reaction [248] therefore it might be in- 
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Fig. 14. SEM micrographs of the top (a) and cross-section (b) views of the ZnAl-LDH/alumina bilayer film crystallized for 48 h. The EDX spectra of the three different 

positions (1-3) in the cross section of the film are also shown. (reprinted with permission from [337] ) 
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orrect to extend the finding from [317] into LDH film formed on 

l alloys. 

Most known kinetics and modelling studies have been carried 

ut on LDH in form of powder. For example, the work by Miyata 

t al. [ 278 , 279 ] and Costa et al. [280] are considered as basics in

erms of LDH anion affinity and exchange reaction. However, till re- 

ently there has not been a clear study that asserts that the knowl- 

dge can be extended to LDH conversion coatings. 

When dealing with LDH films, there are more challenging as- 

ects that need to be taken into account such as the nature of the 

ubstrate and the induced stress from the expansion/contraction 

f the LDH lamellae during the exchange reaction. The latter as- 

ect concern mostly in-situ LDH grown film. For films produced 

y deposition pathways (LbL, solvent evaporation or spin coating), 

he restrictions may be different since the resulting LDH is not at- 

ached to the metal substrates. 

.3. LDH-based surface treatments for corrosion protection 

.3.1. LDH conversion coatings on aluminum alloys 

The first reported studies on surface modification of aluminum 

lloys by LDH films for the sake of corrosion protection, appeared 

arlier than that of LDH pigments. Indeed, before the group of 

uchheit and co-workers reported their studies on LDH as pig- 

ents for corrosion protection, they first promoted the use of LDH 

s functional surface treatment for the corrosion protection of Al 

lloy in 1994 [8] . 

Buchheit et al. demonstrated a formation of what they called 

 talc film formation on four different Al alloys (AA1100, AA2024- 

3, AA6061- T6, and AA7075- T6), when immersed in an alkaline Li- 

ontaining salt bath. Their investigation revealed that this talc film 

ad the typical structure and stoichiometry of the hydrotalcite-like 

ompound Li 2 [Al 2 (OH) 6 ] 2 •CO 3 •nH 2 O and provided an efficient cor- 

osion resistance towards standard salt spray testing [8] . In 2002, 

hree more studies by the same group were published with each 

evealing more about the likelihood of these nanocontainers to re- 
20 
lace the toxic CCC [9–11] . For instance, the authors claimed that 

he development of these systems was done with a reduced num- 

er of processing steps using non-toxic chemicals. Moreover, the 

equirements essential to produce these LiAl LDHs on Al substrates 

re the following: (i) dissolution of the native Al-oxide, (ii) suffi- 

ient concentrations of the reactants in order to cause precipita- 

ion, (iii) in a reasonable short time of coating formation. To accel- 

rate the LDH film formation [11] , it was shown that the addition 

f oxidizing agents such as hydrogen peroxide into the hydrotalcite 

aths accelerated the dissolution of the Al-oxide and the formation 

f the LDH-CC. Even better, the resulting LDH coatings presented 

uperior corrosion resistance. 

Several years after the first studies of Buchheit et al., Guo et al. 

ublished in 2009, a novel method to produce ZnAl LDH films on 

 pure aluminum sheet (purity > 99.5 wt. %) [337] . The authors 

roposed a one-step co-precipitation methodology based on the 

mmersion of the Al sheets in a bath containing zinc nitrates and 

mmonium nitrate salts adjusted to a pH of 6.5 by means of a 1 

t. % ammonia. The obtained compact ZnAl LDH layer (see Fig. 14 ), 

howed not only a good adhesion performance but also remarkable 

orrosion performance with an impedance value of 16 M � after 

20 h immersion in a solution of 3.5 % NaCl. This attests for the 

assive behavior of the layer and a large charge transfer resistance. 

Relying on the same methodology, Tedim et al. prepared ZnAl 

DH conversion coatings on AA2024-T3 substrate. It was also the 

rst time that a corrosion inhibitor was intercalated within the 

DH galleries and its release by anion exchange with chlorides 

as verified [48] . After the preparation of ZnAl LDH-NO 3 , anion- 

xchange reaction in a vanadate containing solution was performed 

t pH 8-9 at 50 °C > T. XRD patterns showed diffractions typically 

scribed to Zn-Al LDH-NO 3 and LDH-VO x nanocontainer powders. 

oreover, the obtained surface revealed an uneven film structure, 

ith micro-sized islands separated by a thin layer covering the 

emaining surface. This differentiated growth was attributed to a 

igher dissolution of aluminum matrix at sites where intermetallic 

articles existed [48] . EIS measurements and optical photographs 
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Fig. 15. Photographs acquired for AA2024 plates in the beginning (1) and after 1 month (2) of immersion in 0.05 M NaCl: (A) bare metal, (B) LDH–NO 3 and (C) LDH–V 2 O 7 . 

(Reprinted with permission from [48] ) 

Fig. 16. 3D SVET maps of the different systems after 1 month of immersion in 0.05 M NaCl (Reprinted with permission from [84] ). 
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 Fig. 15 ) showed that the protection of AA2024 substrate was sig- 

ificantly improved when LDHs were formed ( Fig. 15 ). 

Three other studies [ 79 , 84 , 338 ] followed to provide a compre-

ensive understanding of the influence of different parameters on 

he LDH growth and the LDH layer corrosion performance. The first 

as in respect to the effect of AA2024-T3 surface pre-treatments 

n the LDH growth. Different alkaline based pre-treatments were 

ested including existing industrial treatments [79] . The second 

tudy aimed at the optimization of the experimental synthesis con- 

itions (the concentration of zinc nitrate and presence of corrosion 

nhibitor) for the fabrication of LDH films [338] . The results from 

hese two studies [ 79 , 338 ] revealed that a compromise must be

ound between the stability of the native oxide film and the LDH 

ormation to achieve a higher corrosion resistance, while the ex- 

ent of surface coverage can be controlled by the concentration of 

eactants added into the synthesis bath. Finally, the authors pro- 

ided an understanding of the mechanism of corrosion protection 

f these nanocontainer layers when intercalated with nitrate and 

anadate, by using EIS and SVET ( Fig. 16 ) as two main electrochem-

cal investigation tools [84] . According to their investigation, the 

nAl LDH conversion coatings intercalated with NO 

−, assume the 
3 

21 
ole of a physical barrier against aggressive species (e.g. Cl − and 

 2 ), which includes as well as nano-trapping property of LDH. An 

dditional protection mechanism was also associated to the pres- 

nce of NO 3 
− and Zn 

2 + (present in the LDH hydroxide layers), as 

oth species promote corrosion inhibition effects. After intercala- 

ion with vanadate, the obtained LDH films demonstrated an even 

uperior corrosion resistance, associated to the physical barrier na- 

ure of the LDH as well as to the capacity of the vanadate to be

eleased and act as efficient corrosion inhibitor due to their oxida- 

ive power and formation of a protective layer at the surface, hence 

mpeding the ORR reactions. 

Several other approaches based on LDH-CCs for the corrosion 

rotection of Al alloys were proposed since then [ 52 , 243 , 335 , 339 ].

ang et al. described the synthesis of LDH coating by immersing 

l substrates into a solution already containing pre-formed MgAl 

DH particles for 36h at autoclave conditions (T = 100 °C) [335] . 

he obtained LDH coated samples were subsequently modified by 

 further immersion in a solution containing 8-HQ at RT, pH 11 for 

h. The microstructure of the overall LDH coating intercalated with 

HQ 

− was preserved and an efficient active anticorrosion layer was 

btained. Zhang et al. [340] prepared ZnAl LDH film intercalated 
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Fig. 17. Impedance a) and phase b) plots of the CaAl-LDH-coated specimens at various synthetic conditions in 0.1 M NaCl solution. (Reprinted with permission from [316] ). 
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ith vanadate, molybdate and MBT, on AA2024. Although it was 

tated that the respective anions were successfully intercalated be- 

ween the LDH interlayers, the shift of the (003) and (006) XRD 

eflections was not clearly demonstrated. However, the electro- 

hemical and SST tests showed an improved corrosion inhibition 

ith all LDH films. The highest performance was recorded for ZnAl 

DH-VO 3 and the lowest with ZnAl LDH-NO 3, accordingly with 

DH–VO 3 > LDH–MBT > LDH–MoO 4 > LDH–NO 3 . The same group 

tated that they managed to synthesize Ce-doped ZnAl-LDH film 

n AA2024 through urea hydrolysis [341] . The formed LDH films 

ere afterwards loaded with V 2 O 7 
4 −. The results of EIS measure- 

ents demonstrated a good corrosion resistance of the “double- 

oped” LDH films which was associated to a synergistic inhibi- 

ion effect of the combination of released vanadate anions and dis- 

olved Ce 3 + from LDH structure. Nevertheless, no clear evidence 

f the Ce 3 + cations insertion between the LDH galleries or within 

he hydroxide layers, was demonstrated. This implies that the Ce 3 + 

ould have simply been present/adsorbed on the surface of the 

DH film and contributed to the overall corrosion inhibition. 

Recently, Iqbal et al. reported for the first time the possibil- 

ty to produce LDH thin films with Ca 2 + and Al 3 + cations on 

l alloys [316] . The CaAl LDH conversion layers intercalated with 

itrate were prepared on AA6083 substrate, by a one-step hy- 

rothermal synthesis at 140 °C (under autoclave conditions) and 

 pH = 10. Different immersion times were tested with t = 24 h 

eing the best condition for an optimized corrosion resistance. In- 

eed, the EIS measurements showed excellent barrier properties 

ith an impedance value at 0.01 Hz close to 3 orders of magni- 

ude higher ( Fig. 17 ) in comparison to the bare substrate. The au-

hors also highlighted that even enhanced corrosion resistance can 

e obtained with further intercalation with corrosion inhibitors. 

The treatment of Al alloys with LDH-CC coatings can provide 

n active corrosion protection against aggressive environments and 

icro galvanic cells as a result of the presence of IMCs, but the 

ole of LDH-CC can also be extended to hybrid multi-material as- 

emblies that are responsible for accelerating corrosion as a result 

f a macro-galvanic effect. This possibility has been already shown 

y the use of LDH pigments [236] , but a recent work described 

 methodology of implementing ZnAl LDH conversion coating as 

 pre-treatment before a hybrid friction spot joining of AA2024- 

3 to CF-PPS (carbon-fiber reinforced polyphenylene sulfide) [342] . 

n trying to minimize the galvanic corrosion effect resulting from 

he direct contact of AA2024-T3 with the much noble CF-PPS, the 
22 
A2024-T3 part was subjected to a pre-treatment by ZnAl LDH in- 

orporated with nitrate and vanadate (model corrosion inhibitor). 

he adhesion performance of the joints after LDH treatment was 

ested by the lap shear method (ASTM D 3163) and revealed an im- 

rovement close to 20 %. After being exposed to SST (ASTM B117- 

6), the overall mechanical performance of the joints treated with 

nAl-LDH (nitrate) was still well maintained and a good corrosion 

esistance was noted in comparison to the reference joints (non- 

reated with LDH). However, the joints treated with ZnAl LDH con- 

aining vanadate exhibited an unusual behavior. Indeed, in com- 

arison to the many reported studies [ 44 , 48 , 92 , 286 , 287 , 332 ] of the

uperior inhibition performance of vanadate with Al alloys, the 

oints treated with ZnAl LDH vanadate demonstrated lower corro- 

ion resistance and adhesion performance after SST. The authors 

ustified this behavior to the unstable nature of vanadate specia- 

ion when subjected to a variation of pH or oxidation conditions. 

he fact remains, that for the first time it has been proven that 

DH-NO 3 conversion films can be good candidates to improve cor- 

osion resistance of hybrid joints without compromising their me- 

hanical performance. 

The corrosion protective property of LDH-CC can be expressed 

s several forms. In the above studies LDH-CC provided an active 

orrosion protection to Al alloys through the triggered release of 

orrosion inhibitors. However, LDH-CC can also be exploited as a 

upport for further chemical modification to obtain a hydrophobic 

ayer which will delay the ingress of water and aqueous species 

ence minimizing the occurrence of corrosion. Wang et al. pro- 

osed the fabrication of MgAl LDHs film growth by urea hydrolysis 

n a pure Al substrate [312] . The subsequent surface modification 

ith hydrophobic compounds (sodium oleate, sodium laurate, and 

odium stearate), led to the increase of the surface hydrophobicity 

f LDHs, delaying the formation of biofilms involved in biocorro- 

ion. The performance of the treated LDH films was found to be 

s following; LDH-CC (without treatment) < LDH-CC with oleate < 

DH-CC with laurate ≈ LDH-CC with stearate. 

The above strategy was also demonstrated by Zhang et al. 

here LiAl LDH layers were grown on an AA2198-T851 and modi- 

ed by the adsorption of a surfactant anion PFDTMS (1H,1H,2H,2H- 

erfluorodecyltrimethoxysilane) ( Fig. 18 a). The investigation was 

upported by high contact angles (CA) measurements with water 

evealing a value of CA ~168 ° [46] ( Fig. 18 b). 

The same superhydrophobic properties were reproduced by 

reating MgAl- and ZnAl LDH-CC with stearic acid [ 47 , 343 ], 
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Fig. 18. Schematic illustration for the fabrication of superhydrophobic LiAl-LDH film on Al–Li alloy (a); photographs of water droplets on the surface of the Al substrate 

coated with LiAl LDH modified with PFDTMS (left) and results of the CA measurement (right) b). (Reprinted with permission from [46] ) 
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nAl LDH with laurate anions [313] , MgAl and ZnMgAl LDH 

ith F-triethoxy-1H,1H,2H,2H-tridecafluoro-n-octylsilane (FAS-13) 

 38 , 344 ]. In the case of laureate anions, hydrophobization was 

chieved by successful intercalation of this anion into the LDH gal- 

eries whereas for the others species namely PFDTMS [46] , stearic 

cid [47] and (FAS-13) [ 38 , 344 ], it is believed that they were

onded onto the LDH film surface through electrostatic interac- 

ion or chemical reaction with the LDH hydroxyl group present at 

he surface [313] . Just recently, a new study showed the possibil- 

ty to implement both hydrophobicity and active corrosion protec- 

ion into an ZnAl LDH film grown on an Al ( ≥ 99.9 wt. %) sub-

trate [345] . The ZnAl LDH film was prepared by co-precipitation 

nd the resulting LDH coated Al panels were immersed first in 

 vanadate containing solution followed by a second immersion 

n a laurate-based solution. This resulted in a ZnAl LDH-CC co- 

ntercalated with both laurates and vanadate. The electrochemical 

nvestigation using polarization and EIS revealed a superior cor- 

osion resistance that was attributing to the superhydrophobicity 

rom laurate, anion-exchange reaction from LDH allowing the trap- 

ing of aggressive chlorides and release of vanadate corrosion in- 

ibitor. 

Although hydrophobization treatments may contribute greatly 

o enhance the corrosion protection of Al alloys, the property of 

ydrophobicity can be useful only if applied as a last step on a 

ulti-level coating scheme (last interface in contact with air). This 

s generally achieved by means of primers or top-coats. More- 
23 
ver, the hydrophobic effect may be lost over long immersion 

imes or upon mechanical defect. Therefore, the LDH aptitude of 

elf-healing/active corrosion protection is much more relevant and 

hould be additionally implemented. 

The continuous improvement of LDH-CCs drove to the addi- 

ion of an extra step, which is their implementation in frame of 

 multi-scheme protective system where LDH would play the role 

f the first “defensive line”, previously occupied by CCC. There- 

ore, attempts have been made to cover the LDH coated Al sam- 

les with an additional polymer coating and test the resulting cor- 

osion resistance performance. Wu et al. fabricated vanadate inter- 

alated MgAl LDH-CC on AA2024-T3 followed by the deposition of 

 sol-gel layer [287] . The hybrid system exhibited good adhesion 

according to GBT9286-1998 standard) performance which meets 

he requirement for CCC replacements. More recently, Yasakau 

t al. reasserted the possibility to increase anticorrosion resis- 

ance by a bilayer system LDH/sol-gel. EIS and SVET investiga- 

ions on an artificially defected LDH/sol-gel coated AA2024, re- 

ealed that the mechanism of corrosion protection is based on the 

on-exchange concept, where the chlorides are captured and the 

orrosion inhibitors (vanadate) are released to act on the defected 

reas [346] . Moreover, the authors reiterated that the procedure 

sed to pre-treat the AA2024 surface does have an influence on 

he LDH growth, a statement that supports that of Zheludkevich 

t al. [79] . A lab-based surface pre-treatment was compared to 

hat of a conventional industrial pre-treatment. Although the lat- 
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Fig. 19. SEM images of sol-gel coatings after immersion tests #1LDH(NO 3 ) (a), #2LDH(NO 3 ) (c), and #1LDH(V 2 O 7 ) (b) and #2LDH(V 2 O 7 ) (d). (#1 and #2 refer to the lab-based 

and industrial pre-treatments, respectively). (reprinted with permission from [346] ) 
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er tends to result in a much stable and thicker Al oxide layer, it 

rovides less dissolved Al for LDH formation. Therefore, the lab- 

ased pre-treatment was found more favorable to the formation 

f a high coverage LDH film, which also means a high capacity 

f corrosion inhibitor storage. However, independently of the pre- 

reatment used, substantial damage was noted on the sol-gel coat- 

ng above the LDH-NO 3 CC after immersion in a 0.5 M NaCl solu- 

ion ( Fig. 19 a and c). On the other hand, the LDH-V 2 O 7 demon-

trated a superior compatibility with the sol-gel coating ( Fig. 19 

 and d), which allowed them to act as efficient active corrosion 

rotective systems. 

As demonstrated with LDH pigments and LDH-CC on bare alu- 

inum alloys, there are various ways to adapt and modify a sys- 

em to achieve an active response. The intercalation of corrosion 

nhibitors into LDH-CC is generally classified as an extrinsic ap- 

roach to corrosion protection [195] . Interestingly, intrinsic paths 

o improve corrosion resistance exploiting the properties of LDH 

anocontainers are also possible. Yan et al. reported the obser- 

ation of an intrinsic self-healing effect taking place by a dis- 

olution/recrystallization of the LDH film [347] . After ZnAl LDH 

onversion layers were produced on AA6061 substrates (LDH-CC 

hickness = 8 μm), they were covered by an epoxy resin which 

as artificially scratched and immersed in a solution of 3.5 % 

aCl. A restoration of the damaged LDH film and the recover- 

ng of the area of the scratch was witnessed after a certain pe- 

iod of time (thickness of the reconstructed LDH was close to 

 μm). 

In a similar context, Visser et al. [ 86 , 315 , 348-357 ] proposed an-

ther original concept of self-healing protection that can also be 

egarded as intrinsic self-healing effect. Indeed, in an extrinsic ap- 

roach, the Al substrate is already covered with the LDH-CC and 

s loaded with corrosion inhibitors that are released upon damage 

 Fig. 20 ). In the method proposed by Visser et al. [ 86 , 315 , 348 –357 ],

he LDH films are not readily fabricated on the Al substrate, but in- 
24 
tead LDH film formation occurs as a targeted response to a dam- 

ge caused in a polymer matrix ( Fig. 20 ). 

The Li-containing coatings were subjected to artificial defects 

nd characterized by several electrochemical [ 352 , 355 , 357 ] and 

urface investigation [ 351 , 356 ] techniques. The authors showed 

hat the Li from the coating can leach into the area of defect and 

romote the formation of an LiAl LDH conversion layer, hence pro- 

iding a passive protection to the Al alloy (see Fig. 21 ). It was

tated that the mechanism of formation of these LiAl LDH layers 

nvolved three main stages; (1) thinning of the Al native oxide 

ayer, (2) anodic dissolution and LDH film formation and finally (3) 

ontinuous dissolution and growth of the LDH film. 

This proposed mechanism is similar to the explanation pro- 

ided by Buchheit et al. on the first studies carried out on LDH 

s conversion layers [11] . This prominent self-healing behavior by 

i-leaching from organic coatings, has been reproduced in sev- 

ral studies and applied on different Al alloys (AA2024, AA7075, 

A5083, and AA6014) [315] . 

Going through the various works published on LDH conversion 

oatings, it can be presumed that the topic remains novel and in- 

omplete. The late accomplished studies on LDH-CC on bare Al al- 

oys show a continuous improvement in terms of the mechanistic 

nderstanding [ 248 , 358 ] and the optimization of the LDH applica- 

ion [ 342 , 359 ]. A list of these works can be found in Table 5 . 

.3.2. LDH-based sealing of anodic layers 

Anodizing methods whether conventional or plasma based, are 

ften employed for the pre-treatment of Al alloys as base before 

ubsequent coverage with additional organic coatings. Indeed, the 

esulting anodized Al is porous ( Fig. 22 a), which on one hand 

ay enhance the adhesion to subsequent coating layers, but on 

he other hand may be an open access for aggressive elements 

nto the interface of the Al alloy, leading to severe corrosion. In 

rder to maintain the durability and prevent corrosion degradation 
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Table 5 

Recapitulative of the studies achieved on LDH-CC on Al alloys a) without any additional surface treatment b) with hydrophobic properties and c) implemented in a multi- 

frame coating system. 

a) LDH-CC without further modification 

Al Alloy 

LDH-CC Intercaltion 

Method LDH type Method Anion Properties Ref. 

AA1100, AA 2024-T3, 

AA 6061-T6, and AA 

7075-T6 

Co-precip. (25 °C and 

70 °C, pH 11.5-13.5, 

15-90 min) 

LiAl/(OH)(CO 3 ) Direct synthesis OH 

−

CO 3 
2 −

Barrier protection / thick. : 0.62-1.49 

μm 

[ 8 , 10 ] 

AA2024-T3 Co-precip. (90 °C, 2-10 

min) 

LiAl/(OH)(CO 3 ) Direct synthesis OH 

−

CO 3 
2 −

Barrier protection/ thick.: undefined [11] 

Pure Aluminum 

(99,5%) 

Hydrothermal co-precip. 

(120 °C, pH 6.5, 6 h and 

12 h) 

ZnAl/NO 3 Barrier protection, good adhesion/ 

thick.: 10 μm 

[337] 

AA2024-T3 Co-precip. ( < 100 °C, pH 

~7, few hours) 

ZnAl/NO 3 Anion-exchange VO x 
n − Barrier + Active corrosion protection 

and nanotrapping properties / thick.: 

undefined 

[ 48 , 79 , 84 , 338 ] 

AA5005 Hydrothermal co-precip. 

/autoclave (125 °C, pH 

9.5-10.5, 8 h) 

MgAl/NO 3 Barrier protection + nanotrapping 

properties /thick.:12 μm 

[243] 

AA2024 Co-precip. (45 °C, pH~7, 

6 h) 

ZnAl/NO 3 Anion-exchange VO 3 
−

MoO 4 
2 − , 

MBT 

Active corrosion protection /thick.: 

5-20 nm 

[52] 

Al substrate (99.75 Al, 

0.25 Fe in wt. %) 

Hydrothermal 

co-precip./autoclave 

(100 °C, pH~9, 36 h) 

MgAl/NO 3 Anion-exchange 8HQ Active corrosion protection /thick.: 

undefined 

[335] 

6N01 Al Co-precip. (58-62 °C, pH 

9-10, 20 min) 

LiAl/NO 3 Active corrosion protection/thick.: 100 

nm 

[339] 

AA2024 Urea hydrolysis (70 °C, 

24 h) 

ZnAl/NO 3 Direct 

growth + anion- 

exchange 

Ce 3 + 

dopping + 

V 2 O 7 
4 −

Active corrosion protection/thick.: 

undefined 

[341] 

AA6082 Co-precip. (40-80 °C, pH 

6-7, 18-24 h) 

ZnAl/NO 3 (Parameter study) Barrier protection/ 

thick.: 5 -50 μm (precess dependant) 

[359] 

AA6082 Hydrothermal 

co-precip./autoclave 

(140 °C, pH 10, 12-72 h) 

CaAl/NO 3 Barrier protection/ thick.: 9.5- 12 μm 

(time dependant) 

[316] 

AA2024-T3 (coupled 

with CF-PPS) 

Co-precip. (95 °C, pH 6.5, 

30 min) 

ZnAl/NO 3 Anion-exchange VO x 
n − Active corrosion protection/enhanced 

mechanical properties/ thick.: 

undefined 

[342] 

b) Hydrophobization of LDH-CC 

Al Alloy 

LDH-CC Surface modification 

Method LDH type CA ( °) Method Specie CA ( °) Properties Ref. 

Pure Al (99.99 

wt. % Al) 

Urea hydrolysis (70 °C, 

24 h) 

MgAl/NO 3 ~ 36 Surface treatment 

/adsorption 

Oleate 114 Hydrophobicity, Antifouling, 

microbiologically influenced corrosion 

resistance/ thick.: undefined 

[312] 

Laurate 129 

Stearate 121 

2198-T851 Co-precip. (70 °C, pH 10, 

24 h) 

LiAl/ NO 3 Surface treatment 

/adsorption 

PFDTMS 168.3 Superhydrophob-icity/ thick.: ~50 μm [46] 

AA5005 Hydrothermal 

coprecip./autoc-lave 

(125 °C, pH 10, 4 h) 

MgAl/NO 3 ~ 48.5 Surface treatment 

/adsorption 

Stearic acid 138.5-153.5 Superhydrophobicity-anticorrosion/ thick.: 

~13.3 μm 

[47] 

AA5052 Co-precip. (70 °C, 3 h) ZnAl/ NO 3 ~70 Surface treatment 

/adsorption 

Stearic acid 154 Superhydrophobicity anticorrosion/ thick.: 

undefined 

[343] 

Al (99.9 wt. % 

Al) 

Co-precip. (85 °C, pH 6.5, 

12 h) 

ZnAl/ NO 3 ~ 36.6 Anion-exchange/ 

intercalation 

Laurate 128 Superhydrophobicity-anticorrosion/ thick.: 

~2 μm 

[313] 

AA6061 Co-precip. (90 °C, pH 

7-12, 24 h) 

MgAl/NO 3 Surface treatment 

/adsorption 

FAS-13 160 anti-icing, anticorrosion and mechanical 

robustness /thick: undefined 

[38] 

Al foil (99 

wt.%) 

Co-precip. (90 °C, pH 

7-12, 24h) ZnMgAl/NO 3 

Surface treatment 

/adsorption 

FAS-13 159 corrosion inhibition and mechanical 

robustness /thick: undefined 

[344] 

Al (99.9 wt.%) 

plates 

Co-precip. (85 °C, pH 6.5, 

12h) 

ZnAl/NO 3 Anion-exchange/ 

intercalation 

VO x 
n- + Laurate 150 Superhydrophobi and corrosion 

inhibition/thick: 4 μm 

[345] 

c) LDH-CC treated Al alloy + Polymer matrix 

Al Alloy 

LDH-CC Intercaltion 

Polymer coating Properties Ref. 
Method LDH type Method Anion 

AA2024-T3 Urea hydrolysis 

(90 °C,1 h) 

MgAl/CO 3 thick. : 

3.5 μm 

Anion-exchange VO x 
n − Sol-gel/thick : 2.5 

μm 

Barrier/active corrosion protection, good 

adhesion. 

[287] 

AA2024-T3 Co-precip. (100 °C, 

pH ~7, few hours) 

ZnAl/ NO 3 Anion-exchange V 2 O 7 
4 − Sol-gel/ thick: 

undefine-d 

Barrier/active corrosion protection, good 

adhesion 

[346] 

Pure Al (99.5 wt.%) 

and AA6061 

Co-precip. (90 °C, pH 

6.5, 24 h) 

ZnAl/ NO 3 Thick: 8 

μm 

Epoxy resin/ thick: 

undefine–d 

Intrinsec self-healing by 

dissolution/recrystallization/ thick. of 

reconstructed LDH: 5 μm 

[347] 

AA2024, AA7075, 

AA5083, and AA6014 

Precipitation 

mechanism 

promoted by 

corrosion reaction 

LiAl/ (OH)(CO 3 ) 

LiAl/oxalate 

Various coatings/ 

thick: 20-40 μm 

Intrinsec self-healing by Li leaching and 

LDH formation / thick. of in-situ formed 

LDH: 0.1-1.5 μm 

[ 86 , 315 , 351 , 353–

357 ] 

25 
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Fig. 20. Schematic illustration of the extrinsic and intrinsic approaches (according to [347] and [353] ) to the LDH conversion coatings. 
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f the anodic layers, an additional post-sealing treatment needs to 

e performed [ 104 , 148 , 149 , 360 ]. Hot water sealing (HWS) is one

f the most common sealing methods. The anodized Al parts are 

mmersed in a hot boiling water (or steam) to allow the forma- 

ion of boehmite, filling the pores of the anodic layer ( Fig. 22 b)

361] . HWS improves the barrier properties of the anodic films but 

oes not offer any active corrosion protection, due to the absence 

f corrosion inhibitors. Formally active compounds such as dichro- 

ate and nickel acetate use to be added by an impregnation pro- 

ess to confer an additional active protection [148] . However, due 

o their toxicity these were replaced by more suitable corrosion 

nhibitors [ 149 , 362 ] for example rare earth salts [149] ( Fig. 22 c).

ndeed, these corrosion inhibitors can be added during a HWS 

reatment or be trapped between the anodic layer and an organic 

oating [361] ( Fig. 22 d). 

Nevertheless, the direct addition of corrosion inhibitors into the 

ores of the anodic layer will lead to the manifestation of sim- 

lar issues encountered with the organic coatings in Section 2.3 , 

amely fast consumption of the inhibitor, possible interaction with 

he subsequent organic coating, degradation of the inhibitor …etc. 

This is where the LDH sealing could play a crucial role. In the 

ollowing paragraphs the various advantages offered by the LDH-CC 

n enhancing the corrosion resistance of anodic films are reviewed. 

.3.2.1. Conventional anodizing. Conventional anodizing of Al alloys 

nvolves an electrochemical process where an electrical current is 

assed through an Al alloy sample, immersed in an acidic bath. 

 partial consumption of the Al alloy surface takes place and an 

nodic film is progressively formed toward the inner part of the 

etal alloy. The anodizing film generally consists of an inner bar- 

ier oxide layer (10–100 nm) and an outer porous layer, with pores 
26 
hat would exceed 100 μm in depth [363] . Hence, explaining why 

 post-sealing treatment is needed. The idea with LDH post-sealing 

s not only to seal these pores and sustain a barrier protection, 

ut also to compensate the lack of active corrosion protection, by 

eans of LDH nanocontainers loaded with corrosion inhibitors. 

The earliest study on this specific topic was performed by 

hang et al. [240] . ZnAl LDH films were prepared by in-situ 

o-precipitation process on a porous anodic alumina/aluminum 

PAO/Al) substrate. The process was followed by an anion-exchange 

eaction in order to intercalate laurate ions. The success of the in- 

ercalation with laurate anions was confirmed by the observation 

f a shift of the main LDH reflection (003) and (006) at lower 

ngles. The modified LDH films demonstrated superhydrophobic 

roperties which were associated with the micro- and nanoscale 

ierarchical structures. As stated earlier in this review, superhy- 

rophobicity is a feature that provides corrosion protection but 

nly in a passive manner, which means no self-healing properties 

re achieved. 

To integrate self-healing properties into LDH films, corrosion in- 

ibitors must be added. This is what Li et al. did in their work 

ith vanadate loaded LDH film on anodized 2198 Al alloy [364] . 

he anodized samples were first subject to HWS (boiling water for 

0min), followed by several hours immersion in a solution contain- 

ng the precursor mixture (Zn (NO 3 ) 2 6H 2 O and NH 4 -NO 3 ) at a pH

lose to neutral and T == 45 °C. 

The formation of the ZnAl LDH films was explained by the fol- 

owing equations: 

 H 3 · H 2 O → NH 

+ 
4 + O H 

− (18) 

 l 2 O 3 + 2 O H 

− + 3 H 2 O → 2 Al ( OH ) 
−
4 (19) 
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Fig. 21. Scanning electron micrographs of protective layers formed in scribed area 

after 168 h neutral salt spray testing with a primer coating pigmented with lithium 

oxalate: planar views (a)–(c) and cross-sectional views (d)–(e). (Reprinted with per- 

mission from [350] ) 
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2+ + 4 O H 

− → [ Zn ( OH ) 4 ] 
2 − (20) 

l ( OH ) 
− + [ Zn ( OH ) ] 

2 − + N O 

3 − + H 2 O → ZnAl LDH (21) 
4 4 

ig. 22. Schemes representing (a) an anodized AA2024 without sealing, (b) with hot wat

nhibitors sealing. (Reprinted with permission from [361] ). 

27 
hese equations represent the mechanism of LDH formation 

laimed previously by other studies [ 11 , 235 ]. The last step con- 

isted of immersing the readily formed LDH coated samples, in to 

 solution containing NaVO 3 at a pH = 8.8, T = 45 °C for 2 h. 

The LDH films on AA2198 demonstrated enhanced corrosion 

rotection which could be explained by the sealing of the pores, 

educing the penetration of corrosive ions; and the release of vana- 

ate ions providing a long-lasting protection. This research group 

lso prepared LDH film with different cations Mg 2 + , Co 2 + , Zn 

2 + 

nd Ni 2 + on the same anodized AA2198 [365] . The obtained LDH 

lms displayed different morphologies, with ZnAl LDH and NiAl 

DH showing a more compact and best adhesion performance 

o the anodized layer. However, after hydrophobization treatment 

ith PFDTMS, it has been found that the superhydrophobic proper- 

ies were more evident with the samples treated with the Mg- and 

o-Al LDH films. This was justified by the more porous structure of 

hese two LDH films and their capacity to trap a larger amount of 

ir. These statement were supported by the following CA values 

erformed after PFDTMS treatment: MgAl LDH, CA = 168.8 °; CoAl 

DH, CA = 169.6 °; NiAl LDH, CA = 165.8 ° and ZnAl, CA = 164.2 °. In-

eed, Mg- and Co-Al LDH films show higher water contact angles 

n comparison to the compact Ni- and ZnAl LDH layers ( Fig. 23 ). 

Kuznetsov et al. applied the concept on tartaric sulphuric an- 

dized (TSA) AA2024 [244] ( Fig. 24 a). The bilayer system was 

nvestigated by SEM and glow discharge optical emission spec- 

roscopy (GDOES) and the results have shown that the LDH covers 

he surface and fills the pores of the anodic layer. It was clearly 

emonstrated that the active sealing enhances the overall corro- 

ion performance and ensures an effective healing of artificial de- 

ects, which was clearly demonstrated by salt spray test according 

o the ISO 9227 standard ( Fig. 24 b). 

In an analogue work, Mata et al. suggested the fabrication of 

iAl LDH on TSA anodized AA2024 instead of ZnAl LDH films [44] . 

he authors performed a screening of some important synthesis 

arameters such as temperature and pH to identify the most suit- 

ble conditions to grow LiAl LDH with improved structural and 

orrosion performance. At the end of this investigation, the au- 

hors claimed that LiAl LDH intercalated with vanadate can be pre- 

ared at low temperatures such as 55 °C and 25 °C and the resulting 

oating has shown efficient corrosion protection guarantied both 
er/steam sealing, (c) with REMS (cerium) sealing and (d) with organic coating and 
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Fig. 23. Photographs of Mg-Al (a), Co-Al (b), Ni-Al (c), Zn-Al LDH (d) films with their corresponding SEM morphologies of (e)-(h) after surface modification with PFDTMS. 

(Reprinted with permission from [365] ) 
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y a barrier and active self-healing effect. These results demon- 

trate the superiority of LiAl LDH coatings over the conventional 

ot water sealing since they can be prepared at lower temperature 

nd still demonstrate good corrosion resistance. Liu et al. compared 

he performance of anodized 2Al2 alloy when treated with NiCeAl- 

nd ZnCeAl LDH films [366] . It was revealed that due to their 

trong interlayer interaction and compact structure, NiCeAl LDH 

ontainers can host more vanadate inhibitors, hence demonstrat- 

ng a higher corrosion resistance in comparison to ZnCeAl LDH. 

his work highlights the influence of the divalent cations on the 

DH structure in promoting corrosion protection. In the same per- 

pective, MgCeAl LDH-CC were prepared on HWS anodized AA6082 

367] . EIS measurements showed enhanced corrosion resistance 

ith the implementation of the Ce the LDH interlayers, even after 

200h. This concept was subsequently improved with an addition 

uperhydrophobic treatment with 1H, 1H, 2H, 2H perfluorododecyl 

richlorosilane (PFDTS) [368] . In the latter study, the AA6082 was 

rst anodized using a hydrosulfuric acid solution. The obtained an- 

dic layer was further treated with a MgCeAl LDH-CC followed by 

 dipping in a PFDTS based solution. The final CA of the PFDTS 

reated LDH was estimated to be close to 155.6 °. The results of the 

lectrochemical investigation revealed a long-lasting corrosion re- 

istance that also goes beyond 1200 h. 

.3.2.2. Plasma electrolytic oxidation (PEO). Another possible appli- 

ation is the formation of LDH on the surface of plasma electrolytic 

xidation (PEO) coated aluminum surfaces. PEO is an advanced an- 

dizing process where ceramic-like coatings are formed at high 

oltages in low-concentrated eco-friendly alkaline electrolytes with 

isible short-lived micro discharges over the alloy surface [369] . 

he oxide layers developed by PEO are hard, well-adherent to the 
28 
ubstrate and improve both corrosion and wear properties of the 

l alloys [370–372] . However, similarly to conventional anodizing, 

EO coatings always show a porous structure that can compro- 

ise the properties of the coating. In order to address this issue, 

everal attempts have been made including selection of optimized 

urrent/voltage regimes and post-treatments [ 371 , 373–375 ]. Never- 

heless, none of these attempts promote active protection to the 

eramic layers nor does it prevent the porosity. 

Serdechnova et al. have shown that ZnAl LDH layer in-situ 

rown and loaded with vanadate as corrosion inhibitor on a phos- 

hate/silicon based-PEO covered AA2024 aluminum alloy, allows 

o achieve “smart” active corrosion protection ( Fig. 25 a and b) 

314] . The synthesis of the LDH films was carried out by simple 

o-precipitation method with the same conditions employed by 

uznetsov et al. [244] . EIS and SVET results have demonstrated 

elf-healing ability for the specimen containing vanadate inhibitor. 

The possibility to use LDH nanocontainers as a post-sealing 

reatment has generated a lot of interest, and more studies have 

een performed in order to understand the factors/parameters of 

oth the PEO and LDH preparation process that could influence 

he LDH growth. For instance, in an attempt to prepare NiAl LDH 

lm on AA6061, Dou et al. [376] noticed that LDH would prefer- 

bly grow on the γ -Al 2 O 3 rather than the α-Al 2 O 3 phases com- 

osing the PEO coatings. To support their argument, the authors 

rst noted that LDH formation dominated in areas where the 

olten alumina had a higher cooling rate, and the latter areas are 

laimed to be mainly composed of the γ -Al 2 O 3 phase. Secondly, 

hey claimed that the A1-O-A1bond energy of α-Al 2 O 3 is greater 

han that of γ -Al 2 O 3 which means that Al is unlikely to be dis- 

olved from the α-Al 2 O 3 . To further prove their point, XRD and FT- 
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Fig. 24. Schematic representation of anodized layer sealed with LDH loaded with inhibitor (a) and Photographs of samples HWS, LDH-NO 3 and LDH-VO x after 168 h exposure 

to salt spray test according to ISO 9227 (b). (Reprinted with permission from [244] ). 

Fig. 25. The possible mechanism of active corrosion protection of PEO sample with LDH-NO 3 (a) and PEO sample with LDH-VO x (b).(Reprinted with permission from [314] ). 
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R measurements were achieved on α-Al 2 O 3 and γ -Al 2 O 3 powders 

efore and after they were subjected to LDH growth. The (003) and 

006) XRD reflections associated with the NiAl LDH were much 

ore intense for the LDH formed on γ -Al 2 O 3 then on α-Al 2 O 3 .

he FT-IR also showed stronger absorption peaks for NiAl-LDH on 

- Al 2 O 3 in comparison to NiAl LDH formed on α-Al 2 O 3 . 

Mohedano et al. conducted a detailed investigation on the in- 

uence of PEO voltage on the LDH growth [377] . Four voltages 

ere selected (350 V, 400 V, 450 V and 500 V) and the higher

he voltage, the thicker was the resulting PEO coating. Using SEM, 

RD and GDEOS, the authors demonstrated that LDH growth was 

ery limited in the case of PEO coatings obtained at higher volt- 

ges. Although the thicker PEO coatings demonstrated better cor- 

osion performance, they could not be supported by the active cor- 
29 
osion protection provided by vanadate loaded LDH nanocontain- 

rs. It was also argued that not only the α-Al 2 O 3 phase is unfavor-

ble to LDH growth but γ -Al 2 O 3 phase rendered the dissolution 

mpossible as well. In other words, no recrystallization would al- 

ow the formation of LDH [378] . However, the results of this study 

id not reveal a complete explanation in respect to the relation be- 

ween PEO parameters and LDH growth. Therefore, the same group 

f researchers published another study dedicated to the under- 

tanding of the influence of the PEO phase composition, prepared 

n AA2024, on the in-situ LDH growth [80] . The main conclusions 

rawn from the investigation are the following: a) both crystalline 

-Al 2 O 3 and γ -Al 2 O 3 phases are unfavorable to LDH growth, while 

atural amorphous Al 2 O 3 and the PEO inner layer would facilitate 

he LDH growth, b) the tortuosity of the PEO layer together with 
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[

he accessibility to Al(OH) −4 (see Eqs. (16 ) and (18) ) are the lim-

ting factors for LDH formation. Therefore, for optimized results, a 

ompromise needs to be found between these conditions. 

In a different study, Zhang et al. [379] questioned the influence 

f the elements composing the PEO coating rather than its mor- 

hology. It was found that, LDH films produced on the PEO coating 

ormed in a NaAlO 2 electrolyte were more uniformly distributed 

nd dense in comparison to the ones prepared on a Na 2 SiO 4 based 

EO. Moreover, the removal of the Si enriched surface by polish- 

ng the PEO outer layer, also contributed positively to the LDH-CC 

ormation. In other words, the presence of silicon impedes the nu- 

leation and growth of LDH layers. 

Recently, a systematic study was carried out by del Olmo et al. 

380] . Several preparation parameters for both PEO and LDH were 

ested to obtain an optimized LDH treated PEO coating on AA1050- 

18 substrate. The investigation showed that a continuous and 

ell-defined LDH layer can be obtained when the thickness of 

EO coatings is ~1 μm. This is due to an easy access to Al(OH) 2 + 

ations. Moreover, the corrosion resistance evaluation of the LDH 

reated PEO coatings revealed that the ZnAl LDH intercalated with 

O 3 
− alone, does not contribute in enhancing the corrosion pro- 

ection of the PEO coated substrate. The only way to reinforce the 

orrosion protection, is by loading the LDH nanocontainers with 

fficient corrosion inhibitors such as vanadate. 

The above studies [ 80 , 379 , 380 ] summarized a few conditions

hat need to be met in order to be able to grow LDH on a PEO

oated Al alloy. However, it is important to resolve situation where 

DH growth on certain PEO coatings remains challenging. A poten- 

ial answer would be to find a new source for Al 3 + cations. In a

ery recent work, the formation of a xerogel layer was added be- 

ween the steps of PEO treatment and LDH post-treatment, aiming 

t creating a new source for Al 3 + [20] . The PEO coating on AA2024 

as prepared at constant voltage mode with 450 V, 10 min and 

.5 A, and these chosen conditions were qualified as unsuitable for 

DH growth [ 80 , 377 ]. However, after the addition of the xerogel

ayer seconded by an LDH treatment, a homogeneous and compact 

ayer of LDH was formed over the xerogel modified PEO coating. 

he xerogel formation relies on the dissolution of the metal salt 

ominated by hydrolysis followed by condensation reactions: 

- Aluminum oxide gel formation: 

Al (N O 3 ) 3 · 9 H 2 O � [ Al ( H 2 O ) 6 ] 
3+ + 3 NO 

−
3 (22) 

[ Al ( H 2 O ) 6 ] 
3+ � [ Al ( H 2 O ) 6 ] ( OH ) ( 

3 −a ) + 
a → 

−H 2 O 
Al x O y ( OH ) z · nH 2 O 

(23) 

- Hydrolysis reaction 

(24) 

Nucl eophil e ( Nu ) = NO 

−
3 
, H 2 O 

After formation of the xerogel layer on the PEO coated AA2024, 

he ZnAl LDH-NO 3 synthesis can take place according to: 

 l x O y (OH) z .n H 2 O + H 2 O + O H 

− → xAl(OH) −4 (25) 

 n 

2+ + O H 

− → Zn (OH) + (23) 
30 
n (OH) + + xAl(OH) −4 + NO 

−
3 + H 2 O → LDH − N O 3 (26) 

lthough a slight corrosion improvement was observed with the 

amples treated with ZnAl LDH intercalated with vanadate, the 

erformance was not significantly better in comparison to other 

DH treated coatings [ 44 , 314 , 377 ]. However, this groundwork al- 

ows to broaden the possibilities of LDH growth on different 

reated surfaces. 

All relevant studies associated with the LDH treatment of con- 

entional anodized and PEO treated Al alloys were summarized in 

able 6 . 

. Implementation of LDH in industry 

LDH presents a number of attractive features e.g. anion- 

xchange, insertion of various elements into the structure, calci- 

ation/rehydration, thermostability, surface modification etc., that 

ound use in various applications such as catalysis, energy and cor- 

osion protection, as discussed in this review paper. Another im- 

ortant advantage of LDH is that they are easy to manipulate, cost- 

ffective and conform to REACH regulations. These factors make 

heir implementation into industrial applications very feasible. It 

s important to point out that LDH in form of slurry/powder is 

lready being produced in large scales by several companies. For 

xample, SASOL GmbH have a list of products such as the trade- 

ark products PLURAL® (based on MgAl LDH) which are produced 

hrough a patented [381] metal alcoholate route [382] . Their prod- 

ct is largely applied as a catalyst support for the heterogeneous 

atalysis industry. SINWON chemical Co., LTD., produced a series 

f non-toxic and heavy metal free LDH pigment (mainly MgAl 

DHs), that are commercialized as neutralizing agents for Poly- 

lefin, heat stabilizers for halogenated polymers (e.g. PVC), heat- 

etaining agent for agricultural films and flame retardant [383] . 

In the context of corrosion protection, LDH is still in the process 

f development. However, there are a few companies that have 

edicated their R&D to focus in this area of expertise. For instance, 

ISUMA Chemicals [384] , a world leader in the production of hy- 

rotalcites, possesses a branch specifically devoted to the develop- 

ent and optimization of LDH pigments for corrosion protection. 

hey aim mostly is to improve the barrier properties of polymers 

nd provide better encapsulation solutions [384] . Another com- 

any, SMALLMATEK Lda. [385] , produces and performs research on 

DH additives mainly for the purpose of corrosion protection. Their 

igments can be incorporated into coatings and integrated in a 

ulti-level corrosion protective framework. 

The latter examples are not the only ones, BASF Coating GmbH 

as also shown interest in the development of LDH particles for 

orrosion protection. The company has been collaborating with re- 

earch groups and exploring ways to use these pigments, espe- 

ially on automotive coatings [ 17 , 54 , 386 ]. More recently, AkzoNo- 

el Coatings GmbH has proposed a novel alternative to chromate- 

ased coatings that is based on lithium technology. The concept 

as been discussed earlier in the section of LDH as functional coat- 

ngs for bare Al alloys [ 315 , 353 , 356 ]. The idea is to provide a self-

ealing property to a coating by a triggered (e.g. scratch) leaching 

f Li salts from a polymer matrix which would react with the in- 

erface (e.g. dissolved Al) and form a LDH protective layer on the 

rea of the damage. This patented method is commercially avail- 

ble for the corrosion protection of aeronautical parts [ 387 , 388 ]. 

Since the first reports on the use of LDH for corrosion pro- 

ection [9–11] till recently, important progress has been made in 

erms of process parameters, morphology and implementation in 

ulti-level corrosion protective systems. In this review only case 

tudies on Al alloys have been cited, however the use of LDH has 

een applied successfully to various metal substrates such as zinc 

 81 , 248 ], steel [ 53 , 246 , 389 , 390 ], iron and Mg alloys [ 38 , 245 , 391–
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Table 6 

Overview of the LDH treatment performed on conventional anodized and PEO treated Al alloys. 

Al Alloy 

Anodizing 

treatment 

LDH treatment Intercalation/ surface Modification 

Method Type Method Anion Properties Ref. 

Conventional anodizing 

Pure Al (99.5 .wt 

%) 

Anodizing in 

H 2 SO 4 /thick.: 

undefined 

Co-precip. (45 °C, 

pH 6.5, 36 h) 

ZnAl/ NO 3 Anion exchange Laurate Sealing, 

Superhydrophobicity and 

anticorrosion/LDH thick.: 

0.27–0.30 μm 

[240] 

AA2198 Anodizing in 

H 2 SO 4 /thick: 

undefined 

Co-precip. (45 °C, 

pH ~7, few h) 

ZnAl/ NO 3 Anion exchange VO 3 
− Sealing, active corrosion 

protection 

[364] 

AA2198 Anodizing in 

H 2 SO 4 /thick: 

undefined 

Co-precip. (45 °C, 

pH ~7, few h) 

Zn-, Mg-, Ni- and 

CoAl/ NO 3 

Surface treatmnet/ 

adsorption 

PFDTMS Sealing and 

Superhydrophobocity 

[365] 

AA2024-T3 TSA anodizing/ 

thick:3 μm 

Co-precip. (95 °C, 

pH 6.5, 30 min) 

ZnAl/ NO 3 Anion exchange VO x 
n − Sealing and active 

corrosion protection 

[244] 

AA2024-T3 TSA anodizing/ 

thick:3 μm 

Co-precip. 

(25-95 °C, pH 9-12, 

30 min) 

LiAl/ NO 3 

LiAl/ (OH) (CO 3 ) 

Anion exchange VO x 
n − Sealing and active 

corrosion protection/ LDH 

thick.: 1–2.2 μm 

[44] 

2Al2 Anodizing in oxalic 

acid/thick ~ 3 μm 

Co-precip. (80 °C, 

pH 9.3 ± 0.2, 6 h) 

ZnAl/ NO 3 

NiAl/ 

NO 3 

Anion exchange Ce 3 + / Ce 4 + 

dopping + VO 4 
3 −

Sealing and active 

corrosion protection/ LDH 

thick.: 3–10 nm 

[366] 

AA6083 Anodizing in 

H 2 SO 4 + HWS 

Co-precip. (80 °, 
18-24h) 

MgAl/NO 3 Ce 3 + /Ce + 4 

dopping 

Sealing and active 

corrosion protection/ 

anodic + LDH thick: 

28.6-33.3 μm 

[367] 

AA6083 Anodizing in 

H 2 SO 4 

Co-precip. (40 °C, 

2h) 

MgAl/NO 3 Ion-exchange PFDTS Sealing, active corrosion 

protection and 

superhydrophobicity/ 

anodic + LDH: 32 ±3.5 μm. 

[368] 

Plasma electrolytic oxidation 

AA2024-T3 PEO (Na 2 SiO 3 

+ Na 2 H 2 P 2 O 7 

+ NaOH) /thick: 

3-6 μm 

Co-precip. (95 °C, 

pH 6.5,30 min) 

ZnAl/ NO 3 Anion exchange VO x 
n − Sealing and active 

corrosion protection 

[314] 

AA6061 PEO (Na 

2 SiO 3 + (NaPO 3 ) 6 + 

Na 2 WO 4 + KOH)/ 

thick ~ 20 μm 

Co-precip. (80 °C, 

pH 7, 1-48 h) 

NiAl/ NO 3 (Parameter study) 

γ -Al 2 O 3 more favorable to 

LDH growth than α-Al 2 O 3 

[376] 

AA2024 PEO (Na 2 SiO 3 

+ Na 2 H 2 P 2 O 7 

+ NaOH) /thick: 

1-6 μm 

Co-precip. (95 °C, 

pH 6.5,30 min) 

ZnAl/ NO 3 Anion exchange VO x 
n − (Parameter study) 

Thicker PEO coatings 

decrease probability of 

LDH growth. 

[377] 

AA2024 PEO (Na 

2 SiO 3 + Na 2 H 2 P 2 O 7 

or Na 3 PO 4 + NaOH) 

/thick: 1-50 μm 

Co-precip. (95 °C, 

pH 6.5,30 min) 

ZnAl/ NO 3 (Parameter study) 

α-Al 2 O 3 and γ -Al 2 O 3 

unfavorable to LDH 

growth. 

[80] 

AA2024 PEO 

(Na 2 SiO 3 + KOH) 

or 

(NaAlO 2 + KOH)/ 

thick: undefined 

Co-precip. (70 °C, 

pH 6.4, 0.16 -24 h) 

ZnAl/ NO 3 (Parameter study) 

NaAlO 2 electrolyte more 

favorable to LDH growth. 

[379] 

AA1050-H18 Flash PEO (various 

electrolytes)/ thick: 

1-2.5 μm 

Co-precip. (95 °C, 

pH 6.5, 30-60 min) 

ZnAl/ NO 3 (Parameter study) 

Low porosity of flash PEO 

Well defined LDH for PEO 

with thick ~ 1 μm 

[380] 

AA2024 PEO (Na 2 SiO 3 

+ Na 3 PO 4 + KOH) 

/thick: 50 μm 

1) Xerogel forma- 

tion/thick:330nm 

2) LDH: co-precip. 

(95 °C, pH 6.5, 30 

min) 

ZnAl/ NO 3 Anion exchange VO x 
n − New source for LDH 

formation. 

Sealing and active 

corrosion protection 

[20] 

3  

t

c

p

a

j

f

m

c

95 ]. This is an important feature of LDH since it could be advan-

ageous for a wide range of industrial applications. 

Nevertheless, there is still room for improvement when it 

omes to operating conditions, such as processing time and tem- 

erature, stability in various conditions (e.g. different pH ranges) 
31 
nd coating compatibility and adhesion performance. These are 

ust a few points among others to overcome, but this was the case 

or most innovation technologies at the first stage of its develop- 

ent. A summary of the LDH (in form of pigments and conversion 

oatings) properties and advantages is provided in Table 7 . 
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Table 7 

Overview of the LDH pigments and LDH-CC properties and advantages 

Properties LDH pigments Ref. LDH-CC Ref. 

Synthesis 

/processing 

- Possibility for preparation at 60 °C > T and reduced synthesis and ageing time. 

- Requires no additional accelerators. 

- Diversity of preparation methods. 

- Possible formation of unwanted products but may be avoided by optimizing 

processing condition. 

- Waste highly dependent on the precursors used for LDH preparation, but overall 

non-toxic. (See below) 

- Interestingly LDH pigments are used to recycle waste and minimize sludges 

generated from other industrial processes. 

[242,396–

399] 

- Possibility of preparation at RT and with reduces processing time depending 

on the precursors. 

- Requires no additional accelerators. 

- Unwanted products can be easily avoided. 

- Waste highly dependent on the precursors but overall is minimal and 

non-toxic 

[338, 359] 

pH stability - LDH release mechanism can be induced by anion exchange at basic medium or by 

dissolution in acid medium. However, the dissolution is not always desired and 

depends on the composition of the hydroxide layers cations and the interlayer 

anions. 

- The optimum pH range of obtaining LDH can be interpreted as the optimum 

domain of existence/stability of LDH, which can be summarized for various LDH 

types as: 

- pH 4.5 < LDH stability < pH 11.5 

[400,401] - Similarly, to the LDH pigments, the risk of dissolution in acidic 

environments may compromise their corrosion protection abilities. 

- Not much studies have been performed in investigating the pH influence on 

LDH -CC performance. 

[402] 

Compatibility - This parameter can be related to the pH stability of LDH pigments and their 

ability to mix well with organic coatings. Several LDH surface modifications were 

proposed to overcome this problematic and good results were achieved. 

- Non-compatibility of LDH pigments may impede their good functionality. 

- Compatibility also depends on the concentration used in the organic coating. 

Reported concentration from 2 to 15 % of LDH pigment in polymer coatings were 

used 

[15,17,54–

56,286,300, 

304–

306,308–

310] 

- The reported studies on subsequent addition of organic coating on LDH-CC 

do not show any incompatibility issues. 

- The surface modifications achieved on LDH-CC to obtain hydrophobic 

properties is an indication that this pathway can be followed to promote 

further compatibility with subsequent organic coatings. 

[287,312, 

343,344, 

346] 

Adhesion/risk of 

disbonding 

- The risk of disbonding due to the addition of LDH pigments into an organic 

coating was often pointed out. This is also related to the above compatibility 

factor. However, the risk has been minimized with the recent development in this 

field. 

[18, 286] - The adhesion tests performed on LDH-CC with or without subsequent 

addition of organic coatings demonstrated reasonable results. 

- Moreover, as mentioned above, improving the compatibility by LDH-CC 

surface modification can enhance adhesion and minimize the risk of 

disbonding. 

- The combination of anodized Al alloy and LDH-CC can ensure further 

strengthening of the adhesion properties. 

[287,337, 

346] 

( continued on next page ) 

3
2
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Table 7 ( continued ) 

Properties LDH pigments Ref. LDH-CC Ref. 

Corrosion 

protection 

mechanism 

- Active corrosion protection/Self-healing through inhibitor release or reconstruction 

- Corrosion sensing 

- Aggressive anions trapping (eg. Cl − , SO 4 
2 −) 

- Some studies reported comparable to better corrosion resistance from LDH 

pigments in comparison to Cr(VI) pigments. 

[15,18,34, 

35,83,238, 

289,299] 

- Active corrosion protection/Self-healing through inhibitor release or 

reconstruction 

- Corrosion sensing 

- Aggressive anions trapping (eg. Cl − , SO 4 
2 −) 

- Barrier protection 

- Post treatment /sealing 

- Hydrophobicity 

- LDH-CC corrosion resistance performance was reported to be comparable to 

better than CCC. 

[8,9,20,46, 

48,80,240, 

244,312,313, 

315,338,355, 

356,364- 

367,377,380, 

387] 

Toxicity - Some of the LDH pigments used for corrosion protection applications are also 

considered for drug delivery therefore they were cleared for any risk of toxicity. 

However, more studies should be performed in this direction. 

[403,404] - The toxicity data available for LDH pigments are also applicable for LDH-CC 

Applicability to 

metals 

- Aluminum alloys, magnesium alloys, zinc and different steels 

[12,13,299, 

389,395, 

405–413] 

- Aluminum alloys, magnesium alloys, zinc and electrogalvanized stainless 

steel 

[10,48,81, 

244–

246,248, 

314,390, 

414–416] 

Cost and 

availability 

- Depending on the precursors used to synthesis LDH pigments, they can be cost 

effective and widely available. A few types of LDH pigments are also readily 

available in nature. 

- The energy consumption required for LDH synthesized can be minimized by an 

optimization of the synthesis parameters (e.g. lowering the temperature) 

- Only low amounts of LDH pigments is needed to provide corrosion protection 

[18,54,55] - The cost- effectiveness of LDH-CC is dependent on the starting precursors 

and the synthesis process parameters. 

- Lower concentration of cation in addition to inhibitors used for LDH-CC 

synthesis have proven to provide efficient corrosion inhibition. 

- Optimized LDH synthesis parameters have also shown promising results in 

terms of corrosion protection. 

[44,338,354, 

355,359] 

3
3
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ASTM B117-16 Standard Practice for Operating Salt Spray (Fog) 

Apparatus 

ASTM D3163 Standard Test Method for Determining Strength of 

Adhesively Bonded Rigid Plastic Lap-Shear Joints in Shear 

by Tension Loading 

ASTM 

D4585-99 

Standard Practice for Testing Water Resistance of Coatings 

Using Controlled Condensation 

ASTM D714-56 Standard Method of Evaluating Degree of Blistering of 

Paint 

GBT9286-1998 Paints and varnishes-Cross cut test for films 

ISO 9227 Corrosion tests in artificial atmospheres — Salt spray tests 

R

. Conclusions and outlook 

Throughout the different sections of this review, layered dou- 

le hydroxides have shown promising results in the area of cor- 

osion protection. Their aptitude to demonstrate sensing, nano- 

rapping, barrier and active corrosion protection properties make 

hem potential alternatives to the traditional chromate-based coat- 

ng. LDH can either be used as pigments or as conversion coat- 

ngs for the corrosion protection of Al alloys. This means that their 

se can be adjusted according to the desired outcome. They can 

e used to compensate the lack of active corrosion protection of 

 barrier coating (e.g. organic coating) or serve as the first func- 

ional protective layer of an Al alloy. Indeed, remarkable results 

ave been obtained on the latter applications with a continuous 

mprovement. 

LDH has already filled a few requirements to be considered 

s future replacement to Cr(VI)-based coatings. Indeed, in addi- 

ion to the proven anti-corrosion performance, LDH has the ad- 

antage to be environmentally friendly, cost effective, accessible 

nd applicable to a wide range of metal substrates. Nonetheless, 

DH is not the only emerging alternative to chromate and, there- 

ore, need to fit into other requirements such as processing pa- 

ameters, compatibility with other coatings and adhesion perfor- 

ance. These factors can be overcome by further optimization of 

he LDHs both in form of pigments and conversion coatings. It 

s important to perform more systematic studies on environmen- 

ally friendly inhibitors that could be intercalated, since they are 

he main feature for active corrosion protection funtionality. These 

tudies should include modelling approaches to build a data base 

hat would facilitate the access to the synthesis parameters and 

nion-exchange, which would help to obtain the best outcome in 

erms of active corrosion protection. The other point is to test 

DH in a multi-level protective frame. The simulation of a real 

ulti-layer coating system would be important to anticipate is- 

ues related to adhesion/disbonding or blistering caused by lack of 

ompatibility. 
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