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The development of active corrosion protection systems for metallic substrates is an issue of prime
importance for many industrial applications. The present work shows a new contribution to the development
of a new protective system with self-healing ability composed of hybrig-gel films doped with
nanocontainers that release entrapped corrosion inhibitor in response to pH changes caused by corrosion
process. A silicarzirconia based hybrid film was used in this work as an anticorrosion coating deposited
on 2024 aluminum alloy. Silica nanoparticles covered layer-by-layer with polyelectrolyte layers and layers
of inhibitor (benzotriazole) were randomly introduced into the hybrid films. The hybrid film with the
nanocontainers reveals enhanced long-term corrosion protection in comparison with the undoped hybrid
film. The scanning vibrating electrode technique also shows an effective self-healing ability of the defects.
This effect is obtained due to regulated release of the corrosion inhibitor triggered by the corrosion
processes started in the cavities. The approach described herein can be used in many applications where
active corrosion protection of materials is required.

1. Introduction solubility, is the osmotic pressure that leads to blistering and
delamination of protective coatings. The osmotic pressure

of the important issues that leads to depreciation of invest- can stimulate water to be transported through the coating,

ment goods. Two main approaches, an active and a passivéNhICh acts as a semipermeable membrane, causing the

one, are currently used for corrosion protection. The passivedesm_’c_tlon Ofl tt?(;e barrlir layer (espgt;;ally for _?g_atmgsb
corrosion protection is achieved by deposition of the barrier cONtaining molybdates, chromates, and borates). This prob-

layer preventing contact of the material with the corrosive lem becomes more acutg due to the upcoming restr|ct|on_ of
environment. The active corrosion protection aims at a the use of chromates, which are known as the most effective
decrease of the corrosion rate when the main barrier is|nh|b|tors but are strongly carcinogenic. The development

damaged and corrosive species come in contact with theOf a new ,apPr,oaCh to'introduce epvironmentally friendly
substraté* One of the ways to provide an active protection &:orros,yon inhibitors, V\{h|c'h.gan prov!de prolonged and even
of metals is the introduction of corrosion inhibitors in the sm_art releas_e of the |nh|b|t|ng Species on demand, becomes
system. However, only the combination of both approaches an |mportant ISsue f(_)r many industries where an adequate
can give reliable long-term corrosion protection of metallic corrosion protection is needéd.

structures which are in contact with electrolytes or a humid ~ Several attempts were made to introduce different species
environmeng? The corrosion inhibitors can be introduced in polymer coatings for controlled release of inhibitor.

in the different components of the coating system: pretreat- Buchheit et aP. used A-Zn-decavanadate hydrotalcite as
ment, primer, and top coat. Inhibiting agents are effective anticorrosion pigment, adding it to epoxy-based organic
only if their solubility in the corrosive environment is in the ~ coating. The Z#" and vanadate ions can be released from
right range. Very low solubility of inhibitor leads to lack of ~ the hydrotalcite seeds when chloride ions reach the coating.
active agent at the metal interface and consequently to weakin this case, decavanadate ions replaced by chloride deceler-
inhibition. If the solubility is too high the substrate will be ate the anodic processes and diminish the corrosion activity.
protected, but for only a relatively short time since the In other work the chemically synthesized hydrocalmite was
inhibitor will be rapidly leached out from the coating. Used as an anion exchanger to adsorb corrosive chloride ions
Another drawback, which can appear because of high releasing nitrites, which can stop corrosfoifihe organic
triazole inhibitor was encapsulated using plasma polymeri-
* Corresponding author. Tel.+351 234 370 255. Fax:+351 234 378 146. zation to produce p|asma p0|ymerized perﬂuorohexane and
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as a pigment in a water-based epoxy coating slowly releasingemploying the layer-by-layer (LbL) deposition approdeh.
the inhibitor and providing a long-term corrosion protection. With this step-by-step deposition of oppositely charged
Another promising approach, which allows doping of the substances (e.g., polyelectrolytes, nanoparticles, biomaterials)
protection system without any degradation of the coating from their aqueous and nonaqueous solutions on the surface
integrity, is loading the primer or the pretreatment layer with of a template material LbL films were assembled and
corrosion inhibitors. The hybrid silane derived thin layers investigated as perspective materials in photdhiesid
was investigated as prospective pretreatments for manyelectrocatalysi-?>and as membranes for gas separéfich
metallic substrate% 5 However, interaction of the inhibitors ~ and spatially confined chemical nanoreactSrs.
with the sol-gel layer very often leads to significant LbL films containing one or several polyelectrolyte
shortcomings in the stability of the layer and activity of the Mmonolayers assembled on the surface of a sacrificial template
inhibitor. For example, setgel fiims with NavQ; and (e.g., polyelectrolyte capsules) possess controlled perme-
Na;MoO, did not provide adequate corrosion protection due ability properties. Polyelectrolyte multilayers are permeable
to decrease of the sebel network stability:! Cerium-based ~ toward ions and small organic molecules while large organic
additives work better below a certain critical concentration molecules (polymers, enzymes) and nanoparticles can be
(0.2—0.6 wt %). Above this concentration the formation of entrapped inside. The permeability of the polyelectrolyte
defects occurs in the sebel film.1%13 van Ooij et al. multilayers depends on the nature of the polyelectrolytes.
introduced triazole-based organic inhibitors into a hybrid Other constituents of the LbL film can be adjusted by
sol-gel matrix!®17 Self-healing ability was not revealed in  changing the pH (for weak polyelectrolytes), ionic strength
this case probably because of the deactivation of the inhibitor (for strong polyelectrolytes), or temperature (in the presence
molecules by their interaction with the sajel matrix. The  of thermo-responsive polymers) or by applying magnetic or
rate of release is strongly dependent on the isoelectric pointselectromagnetic fields (in the presence of magnetic or metal

andZ-potential of the setgel matrix and inhibitol3 Hence, ~ nanoparticlesj? % Polyelectrolyte assemblies have not yet
in many cases the release of the organic inhibitor from the been employed as containers for corrosion inhibitors in
sol—gel film is impossible or very slow. protection coatings, although storage of corrosion inhibitors

Low efficiency of the coatings containing inhibitor in their N the polyelectrolyte multilayers has two advantages: isolate
internal structure calls for the development of new ap- the inhibitor avoiding its negative effect on the integrity of
proaches that isolate the inhibitor from the coating materials, the coating and provide intelligent release of the corrosion
confining them in nano- and microreservoirs. Their shell can inhibitor by regulation of the permeability of polyelectrolyte
prevent direct interaction of the inhibitor with the layer matrix @ssemblies changing local pH, humidity, and irradiation
avoiding the negative effect of inhibiting species on the conditions. The change of pH is a more preferable trigger
stability of the anticorrosion coating. Oxide nanoparticles t0 initiate the release of inhibitor since, as well-known,
containing cerium ion&2° hollow polypropylene fibera! corrosion activity leads to local changes of pH near cathodic
and g-cyclodextrin-inhibitor complexé&were explored as ~ and anodic defecs. Thus, a “smart” coating containing
isolated, inhibitor-impregnated reservoirs to be incorporated Polyelectrolyte containers can detect corrosion and start the

inside the protective coatings providing prolonged release Self-healing process in a corrosign defect. . '
of the inhibitor and self-healing ability. However, polyelectrolyte containers in anticorrosion coat-

ings have two significant restrictions: they have to be
compatible with the material of the protective film to prevent
film distortion and have to be nanoscale in size for uniform
and closely packed distribution inside the protective coating.

Nanocontainers with regulated storage/release of the
inhibitor can be fabricated with nanometer-scale precision
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Figure 1. (a) Electrophoretic mobility measurements of nanocontainers: layer numbers of 0, iniigd@t@les; 1, SIQPEI; 2, SiQ/PEI/PSS; 3, Sid
PEI/PSS/benzotriazole; 4, SIPEI/PSS/benzotriazole/PSS; and 5, $REI/PSS/benzotriazole/PSS/benzotriazole. (b) Diameter of the nanocontainers vs
LbL assembly step.

In the present work we demonstrate the possibility to employ complished in acidic media (pH 3) from a 10 mg/mL solution
70 nm SiQ particles coated with poly(ethylene imine)/poly- of benzotriazole. The last two deposition steps (PSS and benzo-
(styrene sulfonate) (PEI/PSS) layers as perspective nanodriazole) were repeated once to ensure the highest inhibitor loading

containers embedded in hybrid epoxy-functionalized ZrO in the final LbL structure. The resulting nanocontainers have a/SiO
SiO, sol-gel coatings. The inhibitor (benzotriazole) is PEI/PSS/benzotriazole/PSS/benzotriazole layer structure. The ben-

S . . zotriazole content in the nanocontainers is equal to 95 mg/1 g of
entrapped within polyelectrolyte multilayers in the assembly e .
. A . 2 the initial SIQ, particles.
step. The resulting hybrid film has a pronounced protective

e . . 2.3. Synthesis and Deposition of SeiGel Films. In order to
efficiency and self-healing effect. The release of the inhibitor provide a comparative study of the effect of the benzotriazole

is initiated by pH changes in defective areas during corrosion ¢qrosjon inhibitor on the corrosion protection performance of the
of AA2024 aluminum alloy employed as a model substrate. nybrid sol-gel films, the following composite films were synthe-
sized: (i) an undoped hybrid Si@rOy based film; (ii) two sot
2. Experimental Section gel films doped with benzotriazole by direct impregnation of the
inhibitor into the SiQ/ZrO, based film (two different concentrations

2.1. Materials. A more detailed composition of the aluminum  of the benzotriazole, 0.13 wt % and 0.63 wt %, were taken for
alloy AA2024 is described in ref 9. An alkaline cleaner TURCO comparison); and (i) two Si@ZrO, based films doped with
4215 (from TURCO S.A., Spain) that contains sodium tetraborate different quantities of benzotriazole-impregnated nanocontainers.
and sodium tripolyphosphate mixed with a combination of surfac-  The hybrid film was obtained by a controllable sgjel route in
tants was used to clean the aluminum alloy before deposition of n-propanol. Two different sols were combined together, forming a
the anticorrosion coating. Sodium PSS (molecular weight final sol, which was applied on the aluminum alloy. The first sol
70 000), PEI (mO'chlar Welght 2000), benZOtriaZO'e, HC', NaCI, was prepared by hydro|yzing TPOZ (70 wt % TPOZ precursor in
zirconiumn-propoxide (TPOZ), 3-glycidoxypropyltrimethoxysilane  n-propanol) mixed with ethylacetoacetate (1:1 volume ratio) by
(GPTMS), propanol, ethylacetoacetate, and HM@re purchased  addition of acidified water (pH< 1). At first the mixture of TPOZ
from Sigma-Aldrich. LUDOX HS colloidal silica (40% suspension  and ethylacetoacetate was stirred under ultrasonic agitation at room
in water; DuPont, France) was used as a source of silica nanopartemperature for 20 min to achieve complexation of the precursor.
ticles. The water was purified in a three-stage Millipore Milli-Q  Then, acidified water in a 1:3 molar ratio (Z#8) was added to
Plus 185 purification system and had a resistivity higher than 18 the mixture drop by drop, and the mixture was agitated for 1 h.
MQ-m. The second organosiloxane sol was obtained by hydrolyzing

2.2. Preparation of NanocontainersTo produce an inhibitor- GPTMS in 2-propanol by addition of acidified water in a 1:3:2
impregnated polyelectrolyte shell, we followed the LbL deposition (GPTMS/2-propanol/water) molar ratio. In the final step, the
procedure involving both large polyelectrolyte molecules and small zirconia-based sol was added drop by drop to the second organo-
benzotriazole ones. The initial Sianoparticles are negatively  siloxane sol in a 1:2 volume ratio. The resulting-sgel system
charged, and the deposition of the positive PEI (Figure 1) was was ultrasonically agitated for 60 min and aged foh atroom
performed on the first stage mixing 20 mL of SiQL5 wt %) temperature before deposition on the aluminum alloy. Water-based
colloidal solution with 3 mL of 2 mg/mL PEI solution for 15 min.  solutions of benzotriazole or the colloid solution of the nanocon-
Then, the SIQPEI sample was washed three times by centrifugation tainers with adjusted pH value were used instead of acidified water
(Sigma 3K30) in distilled water. This washing procedure was to obtain the first zirconia-based sol. Different concentrations of
performed after each deposition step. Deposition of the negative benzotriazole or nanocontainers were used to obtain different
PSS layer was carried out from 2 mg/mL PSS solution in 0.5 M amounts of inhibitor loading. The concentration of the nanocon-
NaCl. Deposition of the third inhibitor layer (third) was ac- tainers in the final setgel system was two times lower in the
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case of the low loading when compared to that for the high- 100
impregnated sample.

The AA2024 sheets were pre-cleaned in 60 g/L of TURCO 4215
solution for 15 min at 60C followed by a 15 min immersion in
20% nitric acid. The sotgel films were deposited on the surface
of AA2024 by the dip-coating procedure, immersing the substrate °
in the final sol-gel mixture for 100 s followed by its controlled
withdrawal with a speed of 18 cm/min. Coated AA2024 was cured
at 130°C in air for 1 h.

2.4. Experimental Methods. The structure of the selgel
coatings before and after immersion was studied by scanning
electron microscopy (SEM; Hitachi S-4100 system with electron 25 o
beam energy of 25 keV). The size and electrophoretic mobility a "
measurements of the nanocontainers were performed using a Q--O ©
Malvern Zetasizer 4. The topography of the hybrid films containing
nanocontainers was revealed by an atomic force microscope 0 200 400 600 800
(Nanoscope Digital Instruments) equipped with a NanoScope I
controller in tapping mode. The viscosity of the sols was measured
by a rotational CSL Rheomiter at the shear rate 600 s

Electrochemical impedance spectroscopy (Gamry FAS2 Fem- the surface. This is caused by the different molecular weight,
tostat with a PCI4 Controller) was employed to assess the corrosioncharge, and size of the layer components. Large multicharged
performance of the developed hybrid sgel films on AA2024- chains of PEI or PSS have stronger electrostatic forces and
T3 immersed in 0.005 and 0.5 M NaCl solutions. A conventional can be adsorbed in quantities sufficient to Comp|ete|y
three-electrode cell with a saturated calomel reference electrode inrecharge the surface while small molecules of monocharged
a Faraday cage was used. A platinum foil was employed as the ho 7 trigzole only compensate the excess of negative charge
counter electrode, and the samples under study (exposed surfacg, o in in 3 PSS/benzotriazole complex insoluble in slightly
area of 3.4 cr#) were used as a working electrode. The impedance . . . .

acidic and neutral water solutions. The average diameter of

measurements were performed at the open circuit potential with h . btained f lidh -
applied 10 mV sinusoidal perturbations in the frequency range of the nanocontainers obtained from light scattering measure-

10-2—10F Hz with 10 steps per decade. The impedance plots were Ments increases with the layer number (Figure 1b), which
fitted with a compatible equivalent circuit that mimics the aluminum  clearly indicates the LbL assembly of polyelectrolytes and
alloy during the corrosion process. inhibitor molecules. For the first PEI and PSS monolayers
The scanning vibrating electrode technique (SVET) measure- the size increment is about 8 nm per layer. The benzotriazole
ments were performed in 0.05 M NaCl using an apparatus layers increase the size of nanocontainers by a smalér (
manufactured by Applicable Electronics, Inc. (U.S.A.), controlled nm) step confirming the electrophoretic mobility data on a
by the ASET software developed by ScienceWares, Inc. (U.S.A.), [ower amount of deposited benzotriazole as compared to the
and employed microz_alect_rodes of MicroPrqbes, Inc. (U.S:A.)_. SVET polyelectrolytes. The optimal number of the PSS/benzotri-
measures the potential dlfferences_ln solutlor_l due to the _|on|c_fluxes azole bilayers deposited onto silica nanoparticles is two. One
that arse from the electrochemical reactions occurring in the bilayer is not sufficient for the self-healing effect of the final
corroding metal surface. The measured potential differens¥s, . . . . .
protective coating while three or more bilayers drastically

can be related to the ionic currents that originate tHefwy a proper ! h . f . . |
calibration. The microelectrode had a spherical black platinum tip increase the aggregation of nanocontainers during assembly

of 10 um in diameter and vibrated in two directions (normal and @nd coating deposition, which affects the integrity of the
parallel to the surface) with an amplitude of 20 and with the protective coating and nanocontainers distribution in the
probe vibrating average distance of 20® above the sample. In  coating matrix adversely.
each point the system waited 0.2 s before measurement, and the Characterization of the Nanocomposite CoatingsThe
sampling time was 0.4 s. All data were recorded by ASET in the stability of the sot-gel solution before deposition of the thin
computer. Experimental results were presented in the form of two- films is an issue of prime importance for reproducible film
dimensional maps of ionic currents. The maps were generated bycharacteristics. Substrate dipping during the transition period
the QuikGrid program (freeware,www.perspectlveedge.ggm) using of the SiQ/ZrO, sol near the gelation point can cause
data from the electric field normal to the surface. Positive (red) ¢ 4ii0n of hybrid films with quite different properties such
values correspond to anodic activity, and negative values (blue) . . :
correspond to cathodic activity. as thickness, denglty changes after shrinkage, tendgncy
toward crack formation, and so forth. Therefore, the evolution
of the viscosity of the obtained alcosols was monitored.
Figure 2 compares viscosity of the SI&rO, sol with and
Nanocontainers.Electrophoretic measurements indicate without benzotriazole. Both sols have a similar viscosity
the charging of the nanoparticles coated with the adsorbedvalues immediately after synthesis and exhibit a small linear
polyelectrolyte or inhibitor layer upon each added layer. increase within the first 200 h of aging, showing that the
Figure la represents a drastic increase of the surface chargeystems are far from the gelation point. The dipping
after deposition of the first PEI layer (65 mV) followed by procedure was performed in freshly prepared sol immediately
a similar (68 mV) decrease after PSS adsorption in the nextafter its synthesis. The addition of benzotriazole does not
stage. Benzotriazole deposition leads to a less pronouncedsignificantly influence the sol viscosity at this period. The
increase of th&-potential without complete recharging of gelation of the hybrid undoped alcosol does not occur even

® undoped sol-gel system
0 sol-gel doped with 0.63% of benzotriazole

754

504

o0

Viscosity, cP

Aging time, hours

Figure 2. Viscosity evolution for hybrid sols during aging.

3. Results and Discussion
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diameter, which is close to the diameter of the nanocontainers
before loading in the coating. The increased number of
nanocontainers visible in the AFM image upon NaCl
treatment can be caused by dissolution of the top layer of
the sot-gel film opening the embedded nanocontainers.
These nanocontainers are uniformly distributed in the-sol
gel film (Figure 4b,d) showing low degree of aggregation.
One can conclude the proposed protocol results in formation
Figure 3. Cross-sectional electron micrograph of the undopeetgel film of reproducible, uniform, and dense ZfSiQ, films with

on the AA2024 substrate. evenly distributed Si@based nanocontainers.

after 800 h of aging, whereas for a benzotriazole containing . C0'osion Performance of the Nanocomposite Coat-
sol the gelation starts approximately after 400 h. The ings. The main function of the developed coatings is active

thickness of the obtained hybrid films was estimated with and passive corrosion p_rotection. Figure 5 prc_esents optical
cross-sectional SEM analysis as shown in Figure 3. The Photos of the two aluminum samples: the first one was
average thickness of about +8.0 um was found for coated_ by a setgel fllm W|th_ benzotriazole directly intro-
different films regardless of the composition. duced into the ZrQS'|Ox'maFrlx, and seconpl one was cogted
The atomic force microscopy (AFM) scan in Figure 4a by the_: nanocomposite film impregnated with nanocontainers.
taken before immersion of the coated aluminum in Nacl The first sample shows many pit-like defects formed on the
solution reveals the topography of the hybrid film doped with Surface exhibiting very weak corrosion protection even in
nanocontainers. Only a few particle-like features with a diluted 0.005 M NaCl solution. The second sample that
diameter of about 100 nm can be seen on the surface. Thefontains nanocontainers does not exhibit any visible signs
SEM observation (Figure 4c) confirms the presence of such Of corrosion attack even after 14 days in 100 times more
particles in the film. This proves the occlusion of the majority concentrated solution (0.5% NaCl). This pronounced differ-
of the nanocontainers inside the film volume confirming good €Nce shows the advantages of the “nanocontainer” approach
affinity of SiO,-based nanocontainers to Zf&iO, film. The over the direct introduction of inhibitor in the sefel
same sample was also examined by AFM after 2 weeks of c0ating.
immersion in NaCl solution. Figure 4b demonstrates the Electrochemical impedance spectroscopy was employed
topography of the composite film after treatment in aggres- to quantify the difference in the corrosion protection obtained
sive media. A high concentration of nanoparticles is presentby the different composite coatings under study. The
on the surface. The image (Figure 4d) acquired at higher dependence of the complex impedance of the coated
magnification shows that these particles are-Z00 nm in aluminum on the frequency applied allows the separation of

Figure 4. Micrograph and topography images of the hybrid films doped with higher amounts of nanocontainers obtained by SEM (c) and AFM (a, b, d,)

before (a, c) and after 14 days (b, d) of immersion in NaCl.
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was constructed as shown in the inset in Figure 6. Here,
constant phase elements were used instead of capacitances
in order to take into account the dispersive character of the
time constants originating from the nonuniformity of the
layers. Then the true capacitance was calculated using the
equation proposed elsewhéfd he resistive plateau at 3-0

10° Hz represents the pore resistance of this-g@l film.

The time constant at about 1 Hz originates from the
capacitance of the intermediate oxide layer between the metal
surface and the selgel film. In several experiments alumi-
num substrates were heat-treated at 280prior to the
coating deposition in order to increase the thickness of the
aluminum oxide film on the substrate. However, such a
treatment leads only to increase of the capacitance of the
medium time constant without any changes in the remaining
spectrum (not shown). This fact confirms once again that
the time dependent component at about 1 Hz appears due to

a

Figure 5. 2024 aluminum alloy coated with segel film directly doped
with benzotriazole (a) and with sebel film doped with nanocontainers

the capacitance of the intermediate oxide layer. Other
relaxation processes observable at the low frequencies of the
spectrum originate from the corrosion processes starting in

(b) after 14 days of immersion in 0.005 M NacCl (a) and 0.5 M NaCl (b). the defects induced in the oxide Iayér

the response of the different components of the system such Figure 7 depicts the impedance spectra of all samples after
as capacitance and resistance of the protective layers190 h of immersion in 0.005 M NaCl. The undoped hybrid
polarization resistance, and double layer capacitance. Thefilm and the coatings doped with different concentrations of
evolution of these parameters during the corrosion processnanocontainers show very similar behavior at frequencies
can distinguish passive and active corrosion protection of higher than 0.1 Hz revealing the same barrier properties. The
the different coatings. capacitance of the oxide layer is also the same for those
Figure 6 depicts a typical impedance spectrum of the samples. A significant difference appears only at low
AA2024 alloy coated with a composite sajel film. Three frequencies, which is related to the open defects in th®Al
time constants are present in the spectrum after 2 weeks ofintermediate layer and, consequently, corrosion activity as
immersion in 0.5 M NaCl. The high-frequency time- well. The sample with highest concentration of nanocon-
dependent component at about® 18z is related to the tainers in the matrix shows almost pure capacitative behavior
capacitance of the composite sdel layer!® This interpreta- at low frequencies demonstrating excellent protective proper-
tion is also supported by the fact that the increase of the ties even after long immersion time. This confirms the
withdrawal speed during coating deposition leads to a higherabsence of active defects. The sample with lower concentra-
thickness of the film and, consequently, to a decrease of thetion of nanocontainers also demonstrates a good corrosion
capacitance at high frequencies (not shown), the rest of theprotection performance. However, the resistive part appears
spectrum remaining unchanged. According to the physical at low frequencies demonstrating the formation of active
model of similar protective coating&the equivalent circuit ~ defects. The AA2024 coated with undoped Z&O; film
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Figure 6. Impedance spectrum of AA2024 coated with undoped-gel film after 14 days of immersion in 0.5 M NaCl: The inset reveals the equivalent
circuit used for spectrum fitting.
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Figure 7. Impedance spectra of different sajel films after 190 h of immersion in 0.005 M NacCl.

shows lower corrosion resistance than in both previous casesrate of the corrosion processes and allows the estimation of
The results clearly illustrate the positive effect of the its kinetics. Moreover, additional long-term experiments were
nanocontainers impregnated with benzotriazole on the cor-performed for the undoped film and the coating with the

rosion protection performance of the Zf6iO; sol—gel maximal content of nanocontainers in the 0.5 M NaCl, which
films. The effect increases with the increase of the loading is a very strongly corrosive electrolyte. Figure 8 demonstrates
degree of the nanocontainers. the impedance spectra of these samples after 270 h of

Two other samples prepared by direct impregnation of the immersion. Both coatings still provide effective corrosion
benzotriazole molecules into the sglel matrix show very  protection in spite of the high electrolyte concentration.
low corrosion protection performance (Figure 7). The-sol = However, the film with nanocontainers performs better than
gel film with 0.13% of inhibitor has 1 order of magnitude the undoped hybrid coating.
lower resistance demonstrating defective character of the The evolution of both the selgel film resistance and the
film. The high-frequency time constant completely disappears oxide layer resistance was analyzed for all the samples under
from the spectrum of the film doped with 0.63% of study in order to estimate the kinetics of the system
benzotriazole. Apparently, the inhibitor has a detrimental degradation during the corrosion process (Figure 9). The
effect on the sotgel process, which is prevented when itis resistance of the dielectric segel film is determined by
fixed in the nanocontainer shell. This occurs since the the resistance of the electrolyte in the pores, which form
resistance of the selgel film is comparable with the  conductive pathways. Hence, the monitoring of the film
resistance of the electrolyte. The third time constant origi- resistance during immersion can give quantitative information
nated from the active corrosion processes is well defined on the barrier properties and stability of the film. The time-

showing poor protective behavior of the Zf&iO films dependent evolution of the resistance of the composite sol
directly doped with benzotriazole during the sglel syn- gel films is depicted in Figure 9a. At the beginning the-sol
thesis. gel films have similar resistances of about®1Q-cm?.

The low concentration of NaCl was used in this study in However, a fast decrease occurs during the first hours of
order to decrease the rate of the corrosion processes in thémmersion. This drop is caused by the filling of the micro-
case of the samples with weak corrosion protection perfor-
mance. The decrease of the salt concentration decreases thg7) Hsu, C. S.; Mansfeld, Foorrosion 2001, 57, 747.
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Figure 8. Impedance spectra of the undoped-agl film (O) and coating with higher concentration of nanocontainmsafter 270 h of immersion in 0.5
M Nacl solution.

S| @ film resistance drops with the immersion time proving fast
10°4 R a) . . - . .
3 degradation of the film. Addition of higher concentration of
\\x benzotriazole (0.63%) leads to the formation of noncompact
N 10°5 \\ \‘\‘lﬁw’t‘;,_\\?“o\ . films with very poor weathering stability.
e 4 e —e——" e —e—— 0 The role of the nanocontainers is not only to diminish the
5 \f‘y\n negative effect in the inhibitor on the polymer film but also
;%10 1\ /\\\\’v\v\\ —o—A) to provide delivery of inhibitor on demand and to ensure
o \ T, TOT 2; the active corrosion protection when defects are formed in
10°- by —v—D) the coating. The resistance of the oxide layer can be a
Y —B parameter that permits monitoring of the corrosion protection
1084 ' ' ‘ ' ' ' b bgcause itis proportior_lal to the metal surface area in contact
9',>-:a_ e with the electrolyte. Figure 9b demonstrates the evolution
1045 oo o B of the oxide layer resistance for all the samples during
| I No- . L . .
. \ e T o immersion in the chloride-based electrolytes. The highest
£ 10°5 AN - : values of the oxide resistance were found for samples doped
E | N . with nanocontainers. This superior corrosion protection
O-é 103 ki\j‘v“\v\\v_v performance evidently originates from the inhibiting effect
@ 10°] \\\ of the benzotriazole released from the nanocontainers.
’\‘\/\\\“A\ However, the resistance of sample impregnated with lower
10°4 T content of nanocontainers decreases by 1 order of magnitude
0 50 100 150 200 250 300 350 after about 150 h due to the release and consumption of the
time, hour inhibitor while the coating with higher loading has very stable

Figure 9. Evolution of the sot-gel film resistance (a) and resistance of lONg-term behavior. The oxide layer resistance in the more
the intermediate oxide layer (b) in 0.005 M NaCl electrolyte for AA2024  concentrated NacCl solution for the sample with the maximal

coated with the following hybrid films: (A) undoped sogel film; (8) concentration of nanocontainers (not shown) is about 2 times
coating with lower concentration of nanocontainers; (C) coating with higher

concentration of nanocontainers; (D) film with sglel matrix directly doped lower but still is 10 times higher than that of the undoped
with 0.13% of benzotriazole; and (E) coating with the -sgél matrix ZrO,/SiO, sample in diluted 0.005 M NaCl. This difference

directly doped by 0.63% of benzotriazole. remains even after 300 h of immersion demonstrating
effective long-term corrosion protection of nanocontainer-
and nanopores of the film with electrolyte. The undopeetsol  impregnated sample. Also, both samples prepared by direct
gel film and the coatings doped with different amounts of introduction of benzotriazole into the sajel film show poor
nanocontainers demonstrate very close values of porecorrosion protection performance. The low values of the
resistance confirming that the introduction of the nanocon- oxide layer resistance suggest absence of any inhibiting
tainers does not influence the porosity and density of the effect. This fact can be explained by interaction of the
composite matrix. The stable behavior of the pore resistancebenzotriazole with components of the coating during the sol
during the next 300 h confirms the high hydrolytic stability gel synthesis, which leads to deactivation of the inhibitor
of the sot-gel film. On the other hand, the films with direct molecules.
addition of benzotriazole show sufficiently higher porosity. ~ The higher corrosion protection of the films doped with
The difference in the coating resistances is 1 order of benzotriazole-impregnated nanocontainers can be originated
magnitude for a 0.13% concentration of benzotriazole. The from the inhibiting action of the benzotriazole molecules
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undoped solgel
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Figure 10. SVET maps of the ionic currents measured above the surface of the AA2024 coated with undejged ptreatment (a, c, d, e) and with
pretreatments impregnated by nanocontainerd)(dfhe maps were obtained before defect formation (a) and to (c, g), 24 h (d, h) and 48 h (e, i) after
defect formation. Scale unitszA cm=2. Scanned area: 2 mm 2 mm.

released from the nanocontainers in a controlled way. function is achieved due to the formation of chemicat Si
Benzotriazole was recently found as an effective corrosion O—Al bonds on the metal/pretreatment interface. The barrier
inhibitor for AA2024 alloy in chloride solution® The properties of the novel developed composite films were
benzotriazole is absorbed on the alloy surface preventingdiscussed above. The self-healing ability is the most impor-
chemisorption of chloride anions. The benzotriazole mol- tant attribute of the effective pretreatment. Therefore, the
ecules also decrease the rate of the cathodic oxygen reductioself-healing efficiency of the Zr@siOy films impregnated

on copper-rich intermetallic particles. with inhibitor-impregnated nanocontainers was investigated

Se|f_Hea|ing Ab|||ty of the Nanocomposite Coatingsl by the SVET. The SVET method allows meaSUring the local

The electrochemical impedance spectroscopy measurementuxes of cations and anions along the surface. Generally,
demonstrate the superior corrosion protection of the-sol the corrosion processes generate ion flow on the cathodic
gel films doped with benzotriazole-impregnated nano- and anodic zones of AA2024 as shown below.

containers. However, the thin ZiSiO, layer is used as a Cathodic reactions generate hydroxyls
pretreatment and not as a full anticorrosion system. This .
pretreatment has three main functions: (i) to improve 2H,0+2e —20H" + Hyt

adhesion between the paints and the metal substrate; (ii) to
provide an additional barrier to the corrosive species; and
(iii) to perform active corrosion protection originated from

self-healing of the defects induced in the top layer. The first

O, +2H,0 + 4e — 40H"
while anodic processes lead to formation of metal cations

Al —AIPT + 3¢

(38) Zheludkevich, M. L.; Yasakau, K. A.; Poznyak, S. K.; Ferreira, M. o _
G. S.Corros. Sci.2005 47, 3011. Mg — Mg“" + 2e
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strongly depends on pf.When the corrosion processes are

nanocontainer started, the pH value is changed in the neighboring area,
@ which opens the polyelectrolyte shell of the nanocontainers

in a local area followed by release of benzotriazole. Then,
the released inhibitor suppresses the corrosion activity as
shown in Figure 10. As a result, the pH value becomes
recovered closing the polyelectrolyte shell of the nanocon-
tainers and terminating further release of the inhibitor. Thus
the introduction of nanocontainers to the ZISIC film leads
to active corrosion protection originating from “smart” self-
healing ability as schematically demonstrated in Figure 11.
However, further investigations are necessary to prove the
mechanism of self-healing provided by the nanocontainer-
containing coatings.

4. Conclusions

Figure 11. Scheme of the controllable release of the inhibitor from the A new method of corrosion inhibitor delivery on demand
nanocontainers and the “smart self-healing” process. . . . e ) ; .
is proposed in this work conferring “intelligent” self-healing

The local cathodic and anodic corrosion zones can be aPility to the hybrid sot-gel protective films. Controllable
observed on the coated metal surface monitoring the |Oca|dellvery is achieved incorporating nanocontainers of benzo-

ionic flow densities. Figure 10 demonstrates the local current riazole inhibitor in the hybrid pretreatments. The nanocon-
maps over the AA2024 alloy surface covered with both the ta_mers were formed using silica n_anopartlcles LbL_coated
undoped ZrQ/SiO, film and the ZrQ/Sio, film impregnated with polyelectrolyte molecules acting as nanocontainers of

with the maximal amount of nanocontainers. A typical corrosion |nh|b|to_r. . ' .
current map along the intact segel film is depicted in The impregnation of the hybrid sebel films increases

Figure 10a illustrating the absence of local corrosion th(ak;rlontg-te:\;ln corrosuz;: pro:ec(;lorl_perfc;rmaqci.ft()){ mgtatlrl1|c
processes for both coatings. Artificial defects (200 in substrates. vioreover the introduction of the inhibitorin the

diameter) were formed on the surface of both coatings afterform of nanocontainers instead of the direct addition to the
24 h of immersion in 0.05 M NaCl as shown in Figure 10b f sol—gel matrix prevents the interaction of the benzotriazole
. T . g " with components of the coating, which can negatively
Well-defined cathodic activity appears in the place of the . . . L
induced defect on the alloy coated with the undoped hybrid influence the barrier properties of the hybrid film and lead
. . . 2. . to the deactivation of the corrosion inhibitor. The -sgkl
film (Figure 10c). This activity becomes even more intense .. . . A
ith the i on i Fi 10d.e). Sufficiently dif A films doped with nanocontainers of corrosion inhibitors
\l;v'h € Immersion I'n:je(ﬂ'g%ref tf’e). ltJ |C|enﬂ31/ : et:etn i demonstrate very important self-healing ability conferring
cga?evcllovrv:ltvr?fhreevzerg;i (;i fﬁrrn goepce dovrvrirgr? Lo;ngzonfa?:erssra €active corrosion protection to the hybrid pretreatments.
. . A X : The use of the nanocontainer approach creates a new
No corrosion activity appears in this case aftdn following PP

. . opportunity to substitute the carcinogenic chromates, allow-
the defect formation (Figure 10g). Only after about 24 h the ing the development of a new generation of active corrosion

yvell-defined cath_odic activity appears in the zone of the protective systems possessing effective self-repairing capacity
induced defect (Figure 10h). The rest of the surface generatesys the corrosion defects.

a cationic flow. However, the defect becomes passivated ) )
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