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Corrosion protection of metallic substratesCorrosion protection of metallic substrates

Passive corrosion protectionPassive corrosion protection

+Good barrier against corrosive species
+Tailored surface properties

Active corrosion protectionActive corrosion protection
Use of coatingsUse of coatings Employment of inhibiting speciesEmployment of inhibiting species

Passive + activePassive + active
Coating + Corrosion InhibitorCoating + Corrosion Inhibitor

--Lack of selfLack of self --healinghealing

+Decrease of corrosion rate
+Self-healing of defects

--Should be added to corrosive mediumShould be added to corrosive medium

+Combination of barrier and self-healing

--Negative effect of inhibitor on coating stabilityNegative effect of inhibitor on coating stability
--Deactivation of inhibitor in coatingDeactivation of inhibitor in coating
--Uncontrollable release of inhibitorUncontrollable release of inhibitor
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Effect of inhibitor on stability of coating

b)

Lower Lower hydrolyticalhydrolytical stabilitystability Osmotic blisteringOsmotic blistering



4

Possible AdvantagesPossible Advantages

�� Prevention of inhibitor deactivation due to Prevention of inhibitor deactivation due to 
interaction with coating componentsinteraction with coating components

�� Reduction of negative effect of the Reduction of negative effect of the 
inhibitor on coatinginhibitor on coating

�� Controllable release of inhibitor on Controllable release of inhibitor on 
demanddemand

To nanoTo nano --encapsulate corrosion inhibitors encapsulate corrosion inhibitors 
before addition to the coatingbefore addition to the coating



5

ExperimentalExperimental

Substrate:Substrate: aluminium alloy 2024-T3

Cleaning:Cleaning: acetone, alkaline cleaning for 20 minutes at 65ºC w ith Metaclean T200r 
(aqueous solution 48g/L), alkaline etch for less th an 1 minute at 60ºC with Turco
Liquid Aluminetch nº2 (aqueous solution 43ml/L), aci d desmutting for 5-10 minutes 
at 30ºC with Turco Liquid Smutgo NC (aqueous solution  180ml/L), rinsing with 
deionised water, drying with absorbent paper and for ced warm air.

Coating:Coating: epoxy-functionalized hybrid sol-gel film

Inhibitor:Inhibitor: n-benzotriazole, mercaptobenzothiazole, Ce (III)

Nanoreservoirs:Nanoreservoirs:
••Oxide Oxide nanoparticlesnanoparticles
••Porous nanostructured layersPorous nanostructured layers
••LbLLbL constructed nanocontainersconstructed nanocontainers
••HalloysitesHalloysites
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GPTMS + 2-propanol+H 2O TPOZ + H2O + Ce3+

InIn--situ formed oxide situ formed oxide nanopartclesnanopartcles as as 
reservoirs of corrosion inhibitorsreservoirs of corrosion inhibitors
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Corrosion protection performance of Corrosion protection performance of 
nanocomposite filmsnanocomposite films

1 month immersion in 3% NaCl solution1 month immersion in 3% NaCl solution

with inhibitorwith inhibitorwithout inhibitorwithout inhibitor
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Porous layer as nanostructured reservoir of Porous layer as nanostructured reservoir of 
corrosion inhibitorcorrosion inhibitor

The micelleThe micelle --template approach can be used to obtain porous nano structured titemplate approach can be used to obtain porous nano structured ti tania tania 
prepre --layer before hybrid film depositionlayer before hybrid film deposition

200nm

38.68 nm

0.00 nm



9

0 100 200 300

103

104

105

 doped TiOx + sol-gel

 sol-gel+0.13% benzotriazole
 undoped sol-gel

R
 c

oa
t, 

O
hm

 c
m

2

time, hours
10-2 10-1 100 101 102 103 104 105

102

103

104

105

106

107

10-2 10-1 100 101 102 103 104 105

-80

-70

-60

-50

-40

-30

-20

-10

0

10

Frequency, Hz

Frequency, Hz

P
ha

se
 a

ng
le

, d
eg

Z
m

od
 , 

oh
m

.c
m

2

 282.4 hours
 309.5 hours
 309.8 hours
 329.7 hours

Increase of low frequency impedance is Increase of low frequency impedance is 
originated from defect passivationoriginated from defect passivation

Bode diagrams for twoBode diagrams for two--layer system layer system 
after long immersion in 0.05 M NaClafter long immersion in 0.05 M NaCl

Evolution of pore resistance for different Evolution of pore resistance for different 
hybrid films hybrid films 

Porous layer as nanostructured reservoir of Porous layer as nanostructured reservoir of 
corrosion inhibitorcorrosion inhibitor

TwoTwo --layerlayer systemsystem demonstratesdemonstrates promisingpromising resultsresults withwith signssigns of of selfself --healing effect healing effect 

Use of nanostructured porous reservoir Use of nanostructured porous reservoir 
prevents degradation of solprevents degradation of sol --gel film due to gel film due to 

introduction of inhibitorintroduction of inhibitor



LbLLbL polyelectrolyte nanocontainers for inhibitor polyelectrolyte nanocontainers for inhibitor 
encapsulationencapsulation
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SelfSelf--healing of an artificial defecthealing of an artificial defect
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Suppression of the active corrosion processes demon strates Suppression of the active corrosion processes demon strates 
selfself --healing of artificial defect in solhealing of artificial defect in sol --gel film doped with gel film doped with 

nanocontainers loaded with benzotriazolenanocontainers loaded with benzotriazole
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Mechanism of Mechanism of ““smartsmart”” selfself--healinghealing

­+®+ --
22 222 HOHeOH

-- ®++ OHeOHO 442 22

Cl-

Cl-

Cl-

Induced defect opens pathway for Induced defect opens pathway for 
chloride ions chloride ions 

Corrosion processes start on the alloy Corrosion processes start on the alloy 
surfacesurface

Raise of pH increases permeability of polyelectroly te shell leadRaise of pH increases permeability of polyelectroly te shell lead ing ing 
to release of inhibitorto release of inhibitor

Released benzotriazole hinders corrosion activity Released benzotriazole hinders corrosion activity 
healing the defecthealing the defect

Cathodic reactions generate hydroxyls Cathodic reactions generate hydroxyls 
leading to local increase of pH:leading to local increase of pH:
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HalloysiteHalloysite as nanocontainers of corrosion inhibitoras nanocontainers of corrosion inhibitor

SEM (A) and TEM (B) images of the SEM (A) and TEM (B) images of the halloysitehalloysite nanotubesnanotubes

The The halloysitehalloysite tubules are very small with a typical size of less than 3.0 tubules are very small with a typical size of less than 3.0 mmm m 
longlong××0.3 0.3 mmm outer diameterm outer diameter and have an inner diameter of 10and have an inner diameter of 10–– 150 nm 150 nm 
depending on the deposits.depending on the deposits.

HalloysiteHalloysite is defined as a twois defined as a two--layered layered aluminosilicatealuminosilicate, which has a , which has a 
hollow tubular structure in the hollow tubular structure in the submicrometersubmicrometer range.range.



14

HalloysiteHalloysite as nanocontainers of corrosion inhibitoras nanocontainers of corrosion inhibitor

Fabrication of 2-mercaptobenzothiazole-loaded 
halloysite/polyelectrolyte nanocontainers



ConclusionsConclusions

� Several new approaches of corrosion inhibitor 
delivery on demand are proposed conferring 
“intelligent” self-healing ability to the protective films. 
Controllable delivery is achieved incorporating 
nanocontainers of corrosion inhibitor in the hybrid pre-
treatment systems.

� The sol-gel films doped with nanoreservoirs of 
corrosion inhibitors demonstrate very important self-
healing ability conferring active corrosion protection to 
the hybrid film. 

� Introduction of the inhibitor in the form of 
nanocontainers instead of the direct addition to the 
sol-gel matrix prevents the interaction of an inhibitor 
with components of the coating, which can negatively 
influence the barrier properties of the hybrid film and 
lead to the deactivation of the corrosion inhibitor. 

Cl-
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