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Mesoporous SiO- is of interest as nano-container for storing active agents for corrosion inhibition or self-healing.
However, the potential of mesoporous SiO, itself for providing active corrosion protection so far was widely
ignored. Here, SiO, containing PVB coatings applied on zinc is shown to inhibit corTosion-driven organic coating
disbondment and even to self-heal the already delaminated interface. The protection mechanism is that meso-
porous SiO, will degrade in the high alkaline pH at the delaminated area and forms a silicate layer that blocks

underfilm corrosion and even re-establishes a protective and delamination resistant interface.

1. Introduction

Organic coatings are an efficient method used for the protection of
metallic substrates, which are of great importance in industry applica-
tions [1-5]. First of all, a coating acts as a physical barrier inhibiting the
contact between the corrosive medium, especially its aggressive ions,
and the metallic substrate. However, organic coatings without additives
usually cannot offer reliable long-term adequate protection of the
metallic substrate from corrosion. Hence, adding organic or inorganic
filler into the organic coating matrix to improve its passive performance
(increasing its barrier function) and also to add active corrosion pro-
tection is attracting intense research [6-9].

Of crucial importance is added active corrosion protection [7,10]. To
further improve the performance of the organic coating, corrosion
inhibiting species are added to its matrix. The idea is that once the
coating gets less protective and corrosion starts, corrosion inhibitors can
slowly leach out, if possible on demand, to passivate the damaged areas.
The inhibitive mechanism is that corrosion inhibitors will react with the
metallic substrate (or ions released from it by corrosion) to form
corrosion protection layers covering the substrate surface. However, for
standard pigments designed for leaching of corrosion inhibitor, the in-
hibitor will be released when exposed to humid environment, even
without corrosion occurring. That means this leaching process is un-
controlled, not on demand, and the steady loss of inhibitor and will
shorten the lifetime of the corrosion protection.

Of course, also improving the passive barrier effect is of importance.
The incorporation of inorganic nanoparticles into the coating matrix can
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significantly improve its performance and thus prolong the service life of
the organic coating [11-18]. The mechanism of improving the passive
corrosion resistance is that the inorganic nanoparticles can improve the
degree of crosslinking within the coating, occupy pores and cavities
existing in the coating matrix, and by generally extending the pathway
for the diffusion of aggressive ions. All this extends the time for diffusion
of corrosive species to the interface between coating and metallic sub-
strate. Silica nanoparticles are especially attractive, because they are
quite simple to synthesize and their good compatibility with most
coating materials. A lot of work was done to study the effect of silica size,
surface hydrophobic as well as hydrophobic silica on organic coating
corrosion properties. Xu [11] et al. incorporated hydrophobic
nano-silica and hydrophilic nano-silica into epoxy coating to evaluate
the corrosion resistance. Compared with the coating containing hydro-
philic nano-silica, the coating with incorporated hydrophobic
nano-silica showed a better anticorrosive performance. The addition of
hydrophobic nano-silica to the coating was proposed to effectively
prolong the diffusion path of aggressive ions and water by filling the
pores, thus improving the quality of the coating. Song [12] er al. studied
the effects of the size of nano-silica as well as of silica content on the
corrosion resistance of a fluoropolymer-silica coating. They emphasized
that the size of silica plays an important role in dispersive capacity and
improving the corrosion resistance of the coated steel. The silica with a
mean diameter of 150 nm showed good dispersive capacity and corro-
sion protection. El-Ghazawy [13] et al. prepared silica epoxy composite
coatings with nano silica and micro silica using ultrasonic technique. A
uniform dispersion epoxy-silica coating was obtained with a maximum
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added amount of less than 3%. The results showed that the micro-silica
containing coating has higher hydrophobicity than the coating with
added nano-silica. However, addition of nano-silica in epoxy can
nerveless improve the corrosion resistance compared to micro-silica
containing coating. This is attributed to good dispersion of the silica in
the epoxy coating matrix, which results in a compact structure, and also
seems to improve the adhesion of the epoxy coating to the metallic
substrate. Xin [14] et al. added various amounts of silica nanoparticles
into a silane functionalized polybenzoxazine coating to improve the
coating’s corrosion resistance. It was found that silica containing coat-
ings showed a remarkable improvement of corrosion resistance, which
they attributed to a synergistic effect of increased barrier properties and
anodic inhibition induced by the formation of passive Fe-silicate com-
pounds. Wang [15] et al. investigated the effect of the co-incorporation
of Na-montmorillonite (MMT) and mesoporous silica MCM-41 into
epoxy matrix on the corrosion properties. The results showed that
coating containing the two types of filler showed significantly improved
performance, supposedly by efficient filling of small pores, improving
the barrier properties of the nanocomposite coatings, which is further-
more also additionally ascribed to an improved cross-linking. Ferreira
[16] et al. reported that bis-[triethoxysilylpropyl] tetrasulfide (BTESPT)
mixed with microparticles of silica pretreated on hot dip galvanized
steel can significantly improve the corrosion protection in comparison to
pretreatment with BTESPT only. The good performance was ascribed to
a higher silane film thickness and/or decrease of the porosity of coating.
Van Ooij [17] et al. showed that by adding silica to silane films on AA
2024-T3 a higher film thickness and lower porosity can be achieved,
leading to significantly enhanced corrosion protection. They proposed
that the silica reacts with cathodically generated OH , resulting in its
degradation and the formation of SiO32~ which then reacts with AI** at
the anode to form a corrosion inhibiting Al-silicate compound layer.
Furthermore, in immersion experiments they observed that the corro-
sion potential shifted to the more cathodic direction, which they pro-
posed to indicate that the silica containing coating can effectively inhibit
the cathodic reaction. The work emphasizes that the corrosion perfor-
mance is dependent on the amount of silica. Fernandez-Alvarez [18]
et al. studied the effect of incorporation of two different silica (hydro-
philic, HL, and hydrophobic, HB) on the corrosion performance of an
epoxy coating on carbon steel measured by SKP. The coating containing
HB is more efficient to slow down water absorption into and permeation
through the coating than the one containing HL. The HB containing
coating was also observed to be more effective than HL in delaying the
progress of cathodic delamination.

Although adding active pigments or inorganic inert nanoparticles
can improve the corrosion resistance of organic coatings, both methods
have their drawbacks. For standard active pigments the leaching from
the coating is uncontrolled and inert inorganic nanoparticles just
improve the strength and barrier properties of coating and cannot repair
an inflicted defect. Hence, there is a widespread activity in designing
and developing environmentally friendly coatings featuring a smart on
demand release of corrosion inhibitor only when active corrosion oc-
curs. Adding switchable nanocontainers or capsules containing corro-
sion inhibitor into the coating matrix are one idea for realizing such
smart self-healing coatings [19,20,26]. Among the inorganic nano-
containers, mesoporous SiOs is widely studied due to properties such as
high loading capacity, large surface area and controllable pore diameter.
Aoki [21] et al. prepared dodecylamine loaded mesoporous silica
SBA-15 particles and embedded them into an alkyd primer to evaluate
active corrosion protection of carbon steel. The dodecylamine-loaded
SBA-15 nanocontainer was not only claimed to block the defects,
improving the physical barrier properties of the alkyd primer coating,
but also the release of dodecylamine from the SBA-15 was observed to
provide active corrosion protection. Due to the release of dodecylamine,
a significant increase of the active anticorrosion properties was
observed.

In order to further control the release of corrosion inhibitor, the
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nanocontainers are assembled with different gatekeeper encapsulation
layers which can be triggered by different external or internal factors
(pH change, mechanical damage, etc.) [22]. The encapsulation serves to
prevent spontaneous corrosion inhibitor leakage from the nano-
containers, thus achieving more efficient and economical use of the in-
hibitor. These gatekeepers only open the nanocontainers when a defect
site starts to actively corrode. Then release of corrosion inhibitors to the
corrosion site will occur. Corrosion inhibitor transport to the defect as an
important parameter was studied in our previous work [23]. Concerning
suitable gatekeepers, there is quite a number of reports on possible
strategies to prevent spontaneous release without external trigger.
Zhang [24] et al. prepared a shape memory epoxy coating matrix con-
taining TiN@mesoporous SiO, core-shell nanocontainers loaded with
benzotriazole (BTA). The results revealed that this dual-action self--
healing protective coating, under a near-infrared light trigger, the
thermogenesis effect of TiN can promote the release of BTA from the
mesoporous silica. Thus, not only the corrosion in the defect is inhibited,
but the triggered shape memory effect also merges the damaged epoxy
coating in the scratch. Shchukin [25] et al. designed layer-by-layer
(LbL)-assembled polyelectrolyte multilayers as pH triggered gate over
the nanocontainer outermost surface to prepare corrosion inhibitor
2-(benzothiazol-2-ylsulfanyl)-succinic acid containing mesoporous sil-
ica nano-reservoirs. The idea is that the corrosion inhibitor is sealed
within the polyelectrolyte multilayers during the LbL-assembly step, but
this encapsulation gets porous when the pH changes. Such prepared
nano-reservoirs were mixed into silica-zirconia-based hybrid film as a
coating matrix, applied on AA2024 aluminum alloy substrate and the
release of corrosion inhibitor initiated by pH changes, which occur when
the corrosion starts, was investigated. The sol-gel coating containing
nanocontainers demonstrates enhanced long-term corrosion protection
in comparison with the silica-zirconia-based hybrid coating without the
nano-reservoirs, due to the release of the corrosion inhibitor triggered by
the corrosion processes started in the cavities.

Many more interesting works were done on mesoporous particles for
corrosion protection, providing promising results especially on smart
self-healing [21,24,25]. However, for designing nano-containers for
application in self-healing coatings, choosing the best nano-containers
support is also one of most challenge works. For mesoporous S$iOs, the
suitability for storage of inhibitor has been investigated extensively [21,
24,25], as well as possible smart encapsulation strategies and the
performance.

However, the contribution of the degradation of the mesoporous
SiOy itself during the corrosion process on the overall inhibition was
neglected so far, especially concerning a possibly beneficial role at the
polymer/metal interface where high concentrations of degradation
products of the silica can be expected in the alkaline environment of the
delaminating interface. The aim of this work is to provide insight into
this by combined chemical analysis and in-situ SKP measurement to
study the degradation of mesoporous SiO, added to organic coating
-especially at the delaminating interface- and how this may affect the
interaction the between the organic coating and the metallic substrate.
As will be shown, the degrading silica can cause significant self-healing
of the delaminating and the delaminated interface on zinc and hence
may play an important role for improved self-healing of coatings applied
onto galvanized steel. In earlier works we have already shown that
coating delamination is both very efficient in spreading the trigger
signal for release as well as providing fast transport [27,28]. Efficient
self-healing of the delaminated interface is of crucial importance once
the defect is inhibited and healed. Silica could play an important role
here.

2. Materials and methods
2.1. Materials

Iron and zinc sheets (99.95%) were purchased from Goodfellow. The
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specimens were cut to a size of 20 mm x 10 mm and subsequently ground
with SiC paper, cleaned with water and ethanol, and dried under a ni-
trogen stream. Potassium chloride (KCl, purity 99%), sodium hydroxide
(NaOH, >98%), cetyltrimethylammonium bromide (CTAB), ethanol,
potassium hydroxide (KOH, ACS reagent, >85%), methanol (anhydrous,
99.8%), ethanol, tetracthyl orthosilicate (TEOS, 98%) and poly(vinyl
butyral-co-vinyl alcohol-co-vinyl acetate) (PVB) (MW~50000-80000 g/
mol) were supplied by Sigma-Aldrich. A dialysis bag (MWCO 14000)
was purchased from Sigma-Aldrich. An aqueous solution of HCI (Baker,
379%) was used to adjust the pH value of the reaction system. Meso-
porous silica SBA-15 (rod-like with <150 pm particle length with about
200 nm diameter, hexagonal pore morphology) with a surface area
450-550 m?/g and pore size 8 nm and mesostructured silica MCM-41
type (hexagonal) with a pore size 2.1-2.7 nm and specific surface area
~1000 1112/g (BET, Brunauer-Emmett-Teller) were purchased from
Sigma-Aldrich.

2.2. Synthesis of mesoporous silica nanoparticles (MSNP)

MSNP were prepared by a modified procedure of Lin [29] et al. In a
typical preparation, 0.5 g CTAB was dissolved into 240 ml ultrapure
water in a three neck round bottom flask, followed by adding 1.75 ml
NaOH (2 M) solution. The above solution was heated in an oil bath at
80 °C with continuous stirring at 600 rpm. 2.5 ml TEOS were added
dropwise under stirring for 2 h. The final products were collected by
centrifugation, washed thoroughly with ultrapure water and methanol,
and dried in air. To remove the CTAB, the raw product was put in a
mixture solution of 160 ml methanol and 9 ml HCI (37.4%) was refluxed
for 24 h. The resulting materials was centrifuged and washed with ul-
trapure water and methanol to yield the as-synthesized MSNP.

2.3. Composite coating preparation

Three types of coatings were studied: the PVB coating with added
SBA-15, MCM-41 or MSNP, respectively. Mesoporous silica was mixed
with 5% PVB in ethanol to achieve the targeted amount of silica in the
coating, i.e. 0.5%, 1%, 2% and 4%. The thus obtained silica containing
solutions were spin-coated 4 times at 2000 rmp for 20 s on Zn or Fe
substrate and dried at 80 °C for 10 min. After drying the sample, the
same procedure was used to apply 10% PVB as a topcoat for 3 times
dried at 80 °C for 10 min

2.4. Characterization of the coating

Scanning electron microscopy (SEM, LEO 1550VP, Carl Zeiss) was
used to characterize the morphology of mesoporous silica. Fourier
transform infrared (FTIR) spectra were recorded with a Bruker Vertex
70 v Fourier transform IR spectrometer in the region 400-4000 cem™.
Powder samples were prepared in the form of KBr pellets. An X-Ray
Photoelectron Spectroscopy (XPS) (ESCA Quantum 2000 Microprobe)
from PHI was used for surface analysis of the delaminated interface after
removal of the PVB coating. For analyzing the Si and Zn concentration,
high-resolution core level XPS spectra of Si and Zn were used. The XPS
data were all processed and analyzed with CASA XPS software.

2.5. Degradation of mesoporous silica measuremennts

0.01 g mesoporous silica dispersions in 5 ml 1 M KCI solution were
enclosed in a dialysis bag. The dialysis bag was immersion in 95 ml
aqueous 1 M KCl solution. The pH of the KCI solution was adjusted with
aqueous KOH solution to a pH value of 10. At specific interval times 1 ml
of electrolyte was taken and the same volume of stock solution was
added again into the above container. The concentration of Si was
determined using an Inductively Coupled Plasma-Optical Emission
Spectrometer (ICP-OES, Iris Intrepid Duo HR) from Thermo Fisher
Scientific.

Corrosion Science 200 (2022) 110252

2.6. SKP Measuremerts

To study cathodic delamination, its progress was monitored in situ
with by Scanning Kelvin Probe (SKP) technique [30]. For this a system
from KM Soft Control was used. Prior to the corrosion testing, an arti-
ficial defect (2.5 mm =+ 0.2 mm long, 30 ym =+ 5 ym wide, and 42 ym =+
6 pm deep) was prepared into the coating with a razor blade. The defect
was covered with 7.5 pl 1 M KCI and the sample was subsequently
introduced into the SKP chamber with a relative humidity of 93%. The
SKP tip was calibrated vs. Cu/CuSO,4 (saturated) and all potentials are
referred to SHE. The experimental setup for measuring the cathodic
delamination of the mesoporous silica containing coating via SKP is
schematically shown in Fig. 1.

3. Results and discussion
3.1. Characterization of mesoporous silica

SEM images of SBA-15, MCM-41 and MSNP are shown in Fig. 2. The
SEM images revealed a rod-like domains structure of SBA-15. The
diameter size of the rod-like SBA-15 is —~0.2 pm and a relatively length
range several to hundreds micrometer. The structures of SBA-15 is
similar as reported in previous papers [31]. MCM-41 exhibits irregular
spherical particles with diameters around 500 nm, but particles as big as
1 um are detected as well. The MSNP particles show a homogeneous
spherical morphology in both size and shape, with monodisperse
spherical-shaped nanoparticles and an average diameter of particles
below 200 nm.

Fig. 3 shows the FTIR spectra for SBA-15, MSNP and MCM-41
powder. The infrared spectra show that are typical of mesoporous sil-
ica. The peak at around 3430 cm™! is attributed to the stretching vi-
bration of adsorbed water molecules on the surface of the mesoporous
silica, where the lower hydroxyl group intensity confirms the hydro-
phobicity of the SBA-15 and MCM-41 particles. Correspondingly, the
peak at around 1630 cm ™! is due to the bending vibration of water on
the mesoporous silica, where also the intensity of the MNSP peak is
stronger than the SBA-15 and the MCM-41 and it demonstrates the
former one is hydrophilic mesoporous silica. The signal at around
1080 cm ! is attributed to asymmetric vibrations of $i—O—Si. The
signal at 810 em ! is belong to stretching symmetric vibrations of Si—0.
The band at 460 ecm ! is attributed to the bending vibration or rocking
mode of Si—0—Si [32,33]. However, MSNP has a peak at 963 em™!
which most like is associated with Si—OH and is not observed for the
other two mesoporous silica. The strong peaks at the 3430 cm ! and
963 cm ! indicate that the MSNP is a hydrophilic particle.

Fig. 4 shows FTIR spectra of PVB, SBA-15 and the PVB-SBA-15
composite coating. Fig. 4(a) shows the spectra of PVB powder (in KBr
pellet) and of PVB coating applied onto zinc substrate. The absorption
peak at 3440 em ™! signifies the stretching vibration of hydroxyl group
of PVB powder or water molecular. However, a much broader peak from
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Fig. 1. Scheme of the model-coating system and the set-up used to study the
cathodic delamination (not to scale). Here the coating is shown to be PVB with
added silica, covered with a PVB top-coating.
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Fig. 2. SEM images of mesoporous silica particle. (a) SBA-15, (b) MCM-41, (c) MSNP.
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Fig. 3. FTIR spectra of different mesoporous silica power.

the 4000-2000 cm ™" represents the hydroxyl group and C—H stretching
for the PVB coating, which is prepared from PVB powder mixed into
ethanol and then coated on zinc substrate. The bands in the range
2850 cm ™! to 3000 cm ™! represent the aliphatic C—H stretching. The
peak at 1731 ecm ™ is attributed to the stretching vibration of C=0. The
peaks 1432 cm ! and 1380 em ™! correspond to asymmetry stretching
CH,, and CHj5 group bending, respectively. The peaks at 1344 cm ™! and
808 cm™! are due to C—H symmetry stretching. The bands at 1100 em™!
and 1056 cm ! are assigned to GC—O—C—0—C stretching. The band at
1240 cm ™! and 1010 em™! are ascribed to C—O—C stretching. These
peaks are the typical bands of PVB powder [34-36]. However, the peaks
of the C—0—C—0—C and C—0—C stretching shift to the 1140 cm™!
and 1000 cm ! for the PVB coating, respectively.

In Fig. 4(b) no indications for chemical interaction between the silica
and the PVB can be seen for the SBA-15 mixed into the PVB coating.
Only very small shifts are observed for some peaks and no new peaks
appear. Comparison of major characteristic spectral peaks of the PVB-
SBA-15 composite coating and SBA-15 reveals that all characteristic

peaks of SBA-15 can be found also in the PVB-SBA-15 composite coating.
The FTIR spectra of SBA-15 mixed with PVB are dominated by the
Si—0—Si absorptions appearing at 1080 and 460 ecm ™!, while a weak
Si—0—Si peak is observed at 810 cm . One more point is that the in-
tensity of absorption peak of Si—0O—Si at 460 cm ™! gradually increases
with the increasing content of SBA-15 in the PVB from 0.5% to 4%. The
characteristic peaks around the 1160 cm ! and 1056 cm ! for the
C—0—C—0—C and C—O—<C stretching of PVB coating can also be seen
for PVB-SBA-15 composite coating, although the positions are slightly
shifted. All that together indicates that the segmented structure of PVB
coating is not affected by the presence of SBA-15, i.e. that SBA-15 can be
successfully introduced into the PVB matrix without much change of the
chemical structure of the PVB matrix [37,38].

3.2. Corrosion-driven cathodic delamination

3.2.1. Delamination behavior of PVB coating applied on zinc and iron

Prior to evaluation of the performance of the pigmented PVB coat-
ings, the cathodic delamination kinetics of an unpigmented PVB coating
were measured as a benchmark. Fig. 5 displays the potential profiles of
PVB coatings applied on zinc and iron sheet as obtained by SKP. The
corrosion driven cathodic delamination of PVB coated zinc or iron has
been published on numerous occasions previously [27,28,39-44] and
will be discussed here only briefly.

Here, a sigmoidal shape also called delamination front represents the
boundary of the intact coating and the delaminated area, which is
characteristic for the cathodic driven delamination of organic coatings
on zinc and iron. Fig. 5(a) shows that in the undelaminated region of the
sample the potential range ca. — 0.6 to — 0.4 Vgyg, which indicates the
zinc is in its passive range (see e.g. [45]). Conversely, after the coating
delaminated, the potential falls to the one of freely corroding zinc (ca.
—0.8 Vgyg). For the iron sample coated with unpigmented PVB, the
potentials in the intact regions range ca. between — 0.1-0.1 Vgyg,
whereas the potential of the delaminated area is polarized by the defect
to ca — 0.4 Vgyg, both these values being consistent with previous re-
ported ones [40,43]. The delamination kinetic of PVB coated iron and
zine show the well-known sqrt(t) dependence reported before for PVB on
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Fig. 4. FTIR spectra of (a) PVB powder in KBr and PVB coating, (b) KBr of SBA-15 and SBA-15 mixed into PVB coated coatings on Zn substrate. Green shading
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Fig. 5. Delamination profiles of PVB on a grounded metallic sheet. The artificial defect was filled with aqueous 1 M KCl solution. (a) Zinc substrate, (b)

Iron substrate.
iron and zinc [27,39-42].

3.2.2. Delamination behavior of PVB coating containing niesoporous SiO,
on Zn

Scanning Kelvin probe (SKP) studies have been used here to reveal
the influence of mesoporous SiO; on the cathodic delamination kinetics
at the polymer/metal interface. First cathodic delamination of PVB
coatings containing the different types of mesoporous SiO, was inves-
tigated for such composite coatings on zinc. Typical delamination pro-
files are shown in Fig. 6 and Fig. 7. The effect of mesoporous SiO; on the
rate of cathodic delamination of the PVB coating was investigated by
systematically changing the amount of mesoporous SiOz added into the
coating from 0.5% to 2%. In general, as shown in Fig. 5 the intact
coating potential of uninhibited PVB coated Zn is almost — 400 mVgyg,
while the potential of the corroding defect is about — 800 mVgyg. For
the mesoporous SiO; containing PVB coating, the potential of intact
coating is in the range of — 200 mVgyg to — 400 mVgyg, which can be
directly correlated with values measured for Zn in a passive state. Hence,
there is no significant variation of the potential of the intact coating

containing mesoporous SiOs additions when compared with the unpig-
mented PVB sample, suggesting that the presence of mesoporous SiO5 in
the PVB has only minimal effect on the steady-state delamination-cell
potentials, but it is obvious that there is a tendency towards slightly
higher potentials. Upon onset of cathodic delamination, the delaminated
area is polarized towards the potential of the defect, but now an effect of
the kind of added silica and of different amounts becomes visible.

The addition of 0.5% MSNP to the PVB shows the typical cathodic
delamination behaviour, where the delaminated area has a potential
close to the potential of the defect. The coatings containing 0.5% mes-
oporous SiO; of SBA-15 or MCM-41 show initially also a typical
delamination behaviour, but only for the first few hours. Then the po-
tential of the delaminated area shifts into the more positive direction.
This means that the delaminated area was not only passivated but also
the interface was healed out, i.e. the galvanic coupling to the actively
corroding defect was cut off by re-establishment of a high resistance
against ion mobility. After a certain time, the potential of the delami-
nated area reaches the potential of the intact area again. That means that
the delaminated area was fully turned into a new intact interface again,
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i.e. real self-healing occurred. This self-healing is obviously linked to the delamination, cannot be the reason [46,47].
degrading silica, as without it is not observed, i.e. just zinc hydroxide In order to better visualize the self-healing at the delaminated
precipitation at the interface, as it might occur at later stage of interface for 0.5% PVB-MCM-41 and PVB-SBA-15 applied on zinc, the
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potential evolution at x = 500 ym is plotted as a function of time in
Fig. 6(e, f). First the potential at the interface decreases due to the
progress of delamination. Then an increase indicates onset of self-
healing at the interface. The PVB coating containing SBA-15 shows a
faster passivation and self-healing of the delaminated surface than the
one containing MCM-41.

Interestingly, for higher additions of silica a further significant
decrease in cathodic delamination rate is observed, but no self-healing of
the delaminated interface. In fact, additions of 1% of SBA-15 or MCM-41
to the PVB resulted in more or less full inhibition of cathodic delami-
nation, as can be seen in Fig. 7(a and c). Only initially some partial
cathodic delamination seems to be initiated, but is quickly stopped. This
could be explained by the need for an alkaline pH driven degradation of
silica in order to form an inhibiting interface, i.e. delamination had to
occur at least initially in order to cause the formation of a highly pro-
tective interface, which should accordingly be restricted to the delami-
nated interface. With increasing the additions to 2% SBA-15 or MCM-41
in the PVB coatings, no delamination front was observed during a
comparable time of exposure. Also, here at least some initial delami-
nation is expected to occur in order to allow the inhibitive effect of the
silica to be built up, but that is assumed to be restricted to a region very
close to the defect, which is not accessible for scanning with SKP (due to
the proximity to the defect) and hence not visible here. That means that
for the coatings with higher silica additions the inhibitions set in much
faster. Such instantaneous self-healing was also observed in an earlier
work where an instantaneous formation of a new polymer at the inter-
face lead to a similar inhibition of cathodic delamination [28]. While for
0.5% the process took some time, which resulted in considerable initial
delamination (similar progress as for just PVB, see Fig. 8), before
effective inhibition at the interface occurred, at 1% this was already
much faster and at 2% so fast that no delamination was observable at all.

Compared with the coatings containing 0.5% MCM-41 or SBA-15,
the delamination rate is significantly decreased for the coating con-
taining the same amount of MSNP. This can clearly see from the Fig. 8,
where shows the delamination distance as a function of the time. Even,
with 1% MSNP addition to the PVB coating, the delamination rate just
decreases more, but still no self-healing can be observed. Further in-
crease to 2% MSNP addition results in no visible delamination in the
monitoring range. This latter result is similar as the ones obtained for 2%
SBA-15 or MCM-41 containing PVB coatings. Additions of 2% meso-
porous silica to the PVB coating result in an efficient inhibition of
cathodic delamination regardless of the kind of silica particles used.

Hence, although the cathodic delamination rate (see e.g. Fig. 8) is
significantly decreased with increasing silica (MSNP) addition to the
PVB, no increase in potential of the delaminated interface can be
observed, different from the case for 0.5% additions of SBA-15 and

4000 - —=— PVB-Zn
—e—0.5% MCM-41
3500 —a— (1.5% SBA-15
+— 0.5% MSNP
s SO0OT e LO%MSNP
g 25001
= 2000 ]
©
Nﬂ 1500 -
1000 |
500 b
0 -
0 30000 60000 90000 120000
Time (s)

Fig. 8. The progress of the delamination front in air for plain PVB or PVB
coating containing mesoporous silica of 0.5% and 1% on zinc plotted as func-
tion of time. The defect was covered by aqueous 1 M KCl solution. For 2%
nearly total inhibition was observed. Hence, no progress is plotted here for
above 1% silica content.
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MCM-41 into PVB. This is proposed to be due exactly to this fast and
effective inhibition of cathodic delamination, as this will prevent
massive silica degradation and zinc corrosion at the interface, which is
proposed to prevent the formation of a self-healing corrosion product
layer restoring a blocking interface. This means that a certain minimum
cathodic activity is needed for a self-healing at the interface. It should be
noted that a passivation of the defect is observed in no case, i.e. the silica
addition has no effect across higher distances.

Another question now is why MSNP behaves so different from the
other two particles. In view of both the FTIR analysis with the results
obtained by SEM, the significant main differences of the MSNP to SBA-
15 and MCM-41 are the particle size and its higher hydrophilicity, which
maybe the main reason of the different passivation performance. It
seems quite likely that the MNSP particles are highly accumulated at the
PVB/metal(oxide) interface, which could possibly effectively decrease
the delamination rate. This together with the small size of the MNSP
might result also in less degraded silica, thus in less inhibition, even
though initially faster inhibition of delamination progress. In this case,
the more significant degradation of the mesoporous silica MCM-41 and
SBA-15 are proposed to prompt the more significant passivation of the
delaminated interface.

3.2.3. Delamination behavior of mesoporous SiO, containing PVB on Fe
In order to investigate whether the observed self-healing can be also
observed on other substrates than zinc (or galvanized steel) and to
further elucidate the protection mechanism also experiments on iron as
substrate were performed. Typical cathodic delamination profiles ob-
tained on iron for the three different types of mesoporous SiO, at
different amounts added to PVB coating are shown in Fig. 9. The
cathodic disbondment of unpigmented PVB on Fe is described and dis-
cussed in full detail elsewhere [39,40,43,48,49]. The delamination of
PVB coatings with silica additions looks similar as without (see e.g.
Fig. 5), but the delamination rate decreases with increasing silica con-
tent and the delamination progress changes from a sqrt(t) time depen-
dence to a linear time dependence for silica additions above 0.5%. For
PVB coating without any pigments applied on Fe, the potential of the
intact area is in the range of 0-0.2 Vgyg and as can be seen from Fig. 9
the same is the case for PVB with additions of silica. When the coating
starts to delaminate from the defect site into the intact coating, the
potential under the delaminated area shifts towards the defect potential,
which is about — 0.4 Vggg. The results show that through incorporation
of mesoporous silica into the PVB coating on Fe effectively decreases the
delamination rate in comparison to the unpigmented PVB coating on Fe.
Fig. 10 shows the distance from the coating defect to the delamina-
tion front (X4e)) plotted versus time. The rate of cathodic delamination
was quantified by taking the position of the delamination front at the
point of maximum potential gradient in the successive time-dependent
Ecorr profiles. In general, if the delamination rate varies linearly with
the square root of time it is assumed that the delamination rate is
controlled by the cation migration from the defect to the delamination
front [50,51]. If the delamination rate is constant, i.e. delamination
proceeds linearly with time, it is widely assumed that the oxygen
reduction reaction is the rate-controlling process [52,53]. The here
observed parabolic behavior for the delamination of PVB from zinc or
iron is in agreement with previous reports [51,54]. For the mesoporous
silica containing PVB coating on the iron substrate, with increasing mass
fraction of silica the delamination rate is observed to decrease and also
to change from parabolic (sqrt(t) kinetics) to linear (linear with respect
to t) behavior become more and more visible. So, the for an amount of
mesoporous silica in the PVB of more than 1%, the delamination process
is linear, which might indicate that the oxygen reduction reaction is
effectively suppressed and is now becoming the rate determining step.
Similar performance was also reported by Williams et al. [39,41,42,44]
for active pigment containing PVB on metallic substrate, where the
cathodic delamination kinetics also changed from parabolic to linear
kinetics for increased inhibition of delamination. Hence, the observed
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Fig. 9. Potential profiles measured by SKP for cathodic delamination of PVB coatings with additions of mesoporous silica applied onto Fe substrate. The defect was
filled with aqueous1 M KCl solution. (a-d) SBA-15, (e-h) MSNP, (i-1) MCM-41.

change from sqt(t) like to linear behavior observed for increasing silica to linear behavior with increasing content of silica. This is why for a
content in the PVB seems to be in good agreement with these assump- rough comparison the average rate over 30 h was taken here for com-
tions. An active inhibiting role of the degradation products of the silica parison. For the 0.5% mesoporous silica containing PVB coating, the
particles could be assumed that leads to the observed decrease in samples containing SBA-15 or MSNP show a much faster delamination
delamination rate as well to the change of kinetics. However, it shall be than the PVB containing MCM-41. That demonstrates that size of and/or
pointed out that recent reports indicate that these currently generally type of mesoporous silica have an influence on the delamination dis-
accepted views may not be correct and that new explanations for sqrt(t) tance. Also, the amount of mesoporous silica incorporated into the PVB
and linear dependence have to be found [55]. coating has an obvious effect on the delamination rate. Firstly, with

Fig. 11 shows the average cathodic delamination rates of the PVB increasing content of mesoporous silica from 0.5% to 4% in PVB coating,
coatings containing different types and amounts of mesoporous silica the delamination rate is even more significantly decreased. Secondly, for
coated on Fe substrate, determined from the delamination curves shown 4% silica content in the PVB, the delamination is quite similar for all
in Fig. 9. Please note that the kinetics of delamination change parabolic three types of silica particles. For PVB containing 2% or 4% MCM-41, the
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Fig. 11. Averaged delamination rates for PVB coatings containing different
mesoporous silica coated on Fe substrate during the monitoring regions.
Although the delamination progress observed for PVB/Fe shows a sqrt(t) time
dependence, for easier comparison with the rates shown in the figure also a
linear rate was determined from averaging over the first 3 h, and that gives
about 960 pm/h, i.e. much higher than the rates observed even for the lowest
addition of silica.

delamination distance is just around 1 mm in 60 h. For PVB containing
2% or 4% MCM-41, the delamination rates are nearly the same, i.e.
20 pm/h and 15 pm/h, respectively. That means further increase the
amount of MCM-41 is not expected to further decrease the delamination
rate, i.e. for MCM-41 2% can be considered as a critical concentration.
For SBA-15 and MSNP this critical concentration seems to be higher than
for MCM-41, i.e. rather 4%. So, the delamination rate is determined by
the type of the mesoporous silica and the concentration of mesoporous
silica in the coating (see Fig. 11).

Quantifying the effect on cathodic delamination rate, by increasing
the mesoporous silica content from 0.5% to 4% additions into the PVB
coating reduced the delamination rate from 240 pm/h to 15 pm/h. The
cathodic delamination rates were reduced by 4-64 times compared to

unpigmented PVB with a delamination rate of 960 pm/h (see Fig. 5(b)).
That means the mesoporous silica in the PVB coating can significantly
inhibit the cathodic delamination rate to protect the Fe substrate. Of the
three type of mesoporous silica, the MCM-41 filler shows the best
corrosion inhibition property and that already at lower added amount
than the other two mesoporous silica.

Different from PVB with silica additions applied on Zn, on Fe sub-
strate just the delamination rate is decreased, but no indications for a
restoration of a blocking interface are observed in the cathodic delam-
ination profiles, even not for the low concentration of 0.5%. Inhibition
by silica particle addition to organic coatings applied on Fe was also
observed in other studies, even though not to the same high extent [14,
18].

Since cathodic delamination is mainly determined by the interfacial
structure and composition, especially at the delamination front, the
question is what the effect of silica particles at this interface could be. It
is reasonable to assume that the particles in the PVB coating might quite
likely have an effect on decreasing diffusion of water and ions vertically
from the coating surface to the buried interface. An effect of silica ad-
ditions on lateral diffusion is not that obvious, although there are reports
about an improved interfacial adhesion [14]. There are quite a number
of publications where higher cross-linking as well as filling of pores and
cracks by inert fillers such as silica is postulated [11-18]. Size and shape
as well as surface properties might play a role in this. In addition, it can
be assumed that during cathodic delamination at the delamination front
as well as at the delaminating interface silica particles in the vicinity of
the metal surface are exposed to the increase of pH which is a conse-
quence of oxygen reduction at the delaminating and delaminated
interface. This increase in pH will be more pronounced on iron than on
zine, because on iron the increase in pH is much larger. The increase in
pH will result in degradation of the silica. The degradation of silica is
directly dependent on the pH, the degradation product in the solution
can be H4Si04, H3Si04, and H,Si042~ [56-59]. At pH values below 7,
the solubility of silica is low, but around pH 11 the dominant species is
H3Si04, and it is H,Si042~ when the pH above 11.

It is hence assumed that at high pH levels no stable silicate layer can
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be formed, i.e. that for iron the corresponding degradation products can
only adsorb on the iron surface and lead there to an inhibition of further
delamination at the delamination front. As not much of these degrada-
tion products might be needed there, the effect is nearly immediate, but
does not lead to a self-healing of the already delaminated interface. For
the latter it is necessary that the gap formed by delamination between
coating and metal surface is closed again by a new solid phase. It is
proposed here that this is occurring for the case of zinc as substrate.
Contrary to iron which stays passive during cathodic delamination, zinc
does corrode under these conditions. This leads to a lower increase of
pH, which makes it more likely that the buffering effect of silica
degradation (see Eq. (1) and Eq. (2)) on top of the one of Zn?*, which
buffers pH by forming hydroxides, might be enough to allow formation
of stable silicate layers, maybe alongside stable zine corrosion products.
It is possible that Zn cations are also part of the silicate layer (see Eq.
30N.

20H™ + Si0; — Hy8i04%~ or H,0 + OH™ 4 8i0; — H3Si04~ 6h)

Maybe more instructive is the view on the siloxane bonds in the silica
particle:

=Si-0-Si= + OH— — =Si-OH + -0-Si= 2)

These degradation products can react with Zn cations or hydroxides,
such as e.g.:

Zn(OH)* + H3Si0,~ — ZnSiO3:2 HyO | 3)

Hence precipitation of a corrosion product layer formed by potas-
sium cations from the defect and on zinc also by zinc cations and/or zinc
hydroxides (see Eq. (3)) and the silicates released by the degrading silica
might take place, if the pH is sufficiently buffered. This is proposed here
to indeed occur on zinc and, if sufficiently high amounts of silicate zine
or zinc hydroxide ions are available, to lead to the pronounced self-
healing observed for PVB on zinc with additions of 0.5% SBA-15 or
MCM-41. On iron the pH levels might not be enough buffered to form a
fully protective layer that also blocks ion transport between defect and
interface. Fig. 12 show schematically the difference in silicate layer
formation at the delaminated interface on zinc and on iron for meso-
porous silica containing PVB coatings.

Concerning the effect of size and concentration of the silica particles,
for these lower silica contents the fast initial delamination and the
correlated initial high activity of ORR (oxygen reduction reaction) and
zine (oxide) dissolution at the delaminated interface provides sufficient
amounts of corrosion products for this self-healing at the interface,
which obviously sets in very immediate, most likely triggered once
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buffering is significant enough and the pH is lowered beneath a certain
threshold. At higher amounts, it is proposed that improved cross-linking
in the PVB and maybe also higher adhesion caused by the silica are one
factor for the more or less immediate inhibition of delamination, as
proposed also e.g. by Ferndndez -Alvarez et al. [18]. Most likely also an
immediate initial release of a lower amount of degradation products of
silica may occur, contributing to a significant inhibition of delamina-
tion, which prevents, however, formation of enough corrosion product
to result in self-healing of the already (partially) delaminated interface.
This is also the case for 0.5% of MSNP in the PVB applied on zinc. There
the delamination is obviously inhibited too significantly right from the
beginning. On iron the high pH levels reached there due to absence of
buffering by dissolved iron cations, because iron is stable at the high pH
levels caused by ORR, prevent the formation of a stable silicate layer that
can restore the interface again. It is striking that MSNP has the strongest
inhibitive effect right from the beginning on zinc, while it has the
smallest initial effect on iron. It is assumed that the explanation for this
lies in the difference in pH on Zn compared to Fe and how this leads to
degradation of the silica. It is reasonable to assume that the pH increase
is initially mainly localized in a relatively thin layer directly at the
interface and that this will be thinner for zine than for iron as substrate.
For larger particles, initially less silica degradation might occur, as only
part of a particle is in that layer of sufficiently increased pH, but then
more, once the whole particle degrades. For smaller particles, all par-
ticles in that layer will get quickly activated, leading to an initial higher
release rate, but no further degradation will occur. This might be what
leads to the observed behavior on zinc. On iron the threshold for inhi-
bition might be different and the higher initial release of the smaller
particles has hence also a higher initial effect. In order to investigate the
resulting silicate layers in more detail, surface analytical investigations
of the interface were carried out.

3.3. XPS depth profiles

XPS was used to investigate the interfacial layer of silicate-based
corrosion products forming at the polymer/zinc interface as conse-
quence of cathodic delamination. Fig. 13 (a, b, ¢) shows XPS Si detail
spectra for different sputtering depths of the intact interface and the
delaminated interface after removal of PVB coatings containing 0.5%
additions of the three different silica types, after cathodic delamination
experiments were carried out. Since adhesion of PVB to zinc is not very
high, it is not too difficult to remove it from the substrate, especially in
the delaminated, albeit restored area. The high-resolution spectra ob-
tained on the zinc substrate in the delaminated area reveal the presence
of Si at the delaminated interface. The existence of Si shows that the
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Fig. 13. Si and zinc signal obtained via XPS depth profiles carried out at the delaminated surface after removal of the coating. 0.5% mesoporous silica in PVB coated
on Zn or Fe substrate. (a, b, ¢) Zn substrate, (g, h, i) Fe substrate. (d, e, f) show the Zn 2p3/2 peaks corresponding to (a, b, ). Note the shifts in peak position that are
observed on zinc (highlighted by red line, note the non-shifting peak in (e) marked in dark green), indicating the more insulating nature of the resulting silicate layer.
(For interpretation of the references to colour in this figure, the reader is referred to the web version of this article.)

mesoporous SiO, close to the interface at least partially degrades during
the delamination process. In the intact area no Si can be detected, as to
be expected for the intact interface.

Fig. 13 (g, h, i) shows the XPS survey spectra obtained from the initial
surface and after depth profiling obtained on samples of (partially
delaminated) PVB coatings containing mesoporous SiO; additives
applied on iron substrate. Also, here significant amounts of Si can be
found even after 80 s of sputtering (about 10 nm) in the delaminated
area.

For both substrates the results indicate that a thick layer of silica
degradation products is forming during delamination of the coatings on
both substrates. The crucial point here is that on zinc as substrate zinc
cations are incorporated into this layer, indicating the presence of zine
silicate (see Fig. 13 (d, e, f)). For 0.5% SBA-15 added to the PVB, only
small amounts of Zn are found, however. This is attributed to the fact
that for SBA-15 the restoration of the interface is by far the fastest, giving
only little time (about 4 h) for zinc corrosion at the interface before the
protective corrosion product layer is formed. For 0.5% MCM-41 addition
to the PVB on Zn, it takes much longer (about 16 h), which should result
in a significantly higher amount of zinc dissolved. For MSNP no fully

11

protecting interface, that is able to inhibit ion migration between defect
and delaminated interface, is formed at all. This explains the differences
in the amounts of Zn found in the sputter profiles. Since for SBA-15 this
layer is obviously the most protective, the presence of zinc is not the
main reason for the protective nature of the formed layer. It is rather
assumed that the degree of pH buffering as a consequence of silica
degradation in combination with the already lower pH than on iron is
rather what is important.

On iron, only a non-protective degradation product layer is forming.
Since the iron does not corrode under the conditions of cathodic
delamination, iron cations are not part of this layer. The difference in the
protective qualities of the interfacial corrosion product layers forming
on iron and zinc are suggested here to be reflected in the peaks shifts of
the Si 2p XPS signal, as they are observed on zinc, but not on Fe. This
indicates a more insulating nature of the corrosion product layer on Zn.

That the observed shift of the Si peak is most likely a consequence of
charging is supported by an analysis of the corresponding Zn 2p3/2
peaks:

First of all, the peak obtained on the layer formed in the presence of
MSNP in the PVB seems to consist of two peaks, one at 1020 eV and one
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at 1022 eV (see Fig. 13 (e)). However, it seems unlikely that these
indicate indeed two different kind of Zn in the layer, as the binding
energies for the peak in zinc oxides and silicates are quite similar,
around 1022 eV. It is hence assumed that these seemingly two peaks are
rather indicating that there are protective, insulating regions in the
layer, and non-protective, non-insulating ones. The peak assumed to
correspond to the insulating regions shows a similar shift as the Si peak
(highlighted by red in Fig. 13 (e) and to be compared with the shift in the
Si 2p peak in Fig. 13 (b)). That only part of the peak shifts, the other
stays at about 1022 eV, means that only a part of the layer is insulating.
This is in good agreement with the observation that this layer does not
lead to a restoration of a protective interface. For MCM-41 (see Fig. 13
(f)), a similar peak shift is observed as for the corresponding Si peak,
confirming the insulating nature of this layer. As mentioned, for SBA-15
(Fig. 13 (d)) only little Zn intensity was found.

3.4. The degradation of mesoporous silica

In order to mimic the underfilm alkaline condition, an immersion
experiment to degrade mesoporous SiO, under alkaline condition was
performed. During the delamination process, the cathodic oxygen
reduction reaction at the delaminating and delaminated interface will
produce OH ™, which leads to an increase of the pH value in these areas,
with values as high as pH 10-11 for zinc have been recorded [60-62],
and even higher for iron [30]. This difference could also play a role on
the protective quality of the two different degradation product layers. In
order to simulate the condition at the underfilm corrosion, a 1 M KCI
solution with pH 10 was used to dissolve mesoporous SiO,. Fig. 14
shows the dissolution curve of mesoporous SiO, for immersion times of
up to 6 days at room temperature where the Si content in the solution
was evaluated by ICP-OES. The dissolution of the three different types of
mesoporous SiO; shows a similar behavior for all: an initial period of
slow dissolution which increases gradually with time. Finally, a
maximum solubility is reached. A similar initial period of slow SiO5
dissolution was also observed in other works [63,64]. The correspond-
ing concentration of the maximum soluble Si is about 35 mg/l. However,
the total amount of Si dissolution of SBA-15 is slightly lower than
compared to MCM-41 or MSNP during this latter stage. It is known that
the degradation of the SiO5 occurs via rupture of the Si—0 bond which is
strongly dependent on pH. In alkaline condition, OH  ions will cata-
lytically promote deprotonation of silanol groups and hydrolysis of
Si—O—Si bonds to increase the dissolution of SiOg [63]. Fig. 14 clearly
demonstrates that even under quite mild alkaline conditions the disso-
lution of silica occurs at quite significant rates. At higher pH values it
will be even faster. No direct correlation between particle size and the
dissolved amount was observed here. However, the results obtained in
the delamination experiments show that there is a dependence on size
and maybe also shape. This is assumed to be rather due to the
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Fig. 14. Dissolution curves measured for different mesoporous silica in 1 M KCl
(pH 10).
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corresponding effect on release rates of degradation products. Silica of
different size and shapes distributed in the polymer matrix will result in
different initial and overall release rates. As already mentioned above, it
is proposed here that for Zn as substrate, where the zone of increased pH
vertically from the surface into the coating will be relatively narrow, for
the smallest size initially the highest release is expected. But on the long
run larger particles of which just parts are in that zone will most likely at
least partly degrade also in the parts outside that zone and thus supply
more degradation products. On iron where the zone of high pH is
thicker, this is different.

4. Conclusions

In this work the effect of different kinds of mesoporous silica used as
additions to PVB organic coatings applied on both zinc and iron on
improving the resistance against cathodic delamination was investi-
gated. It was found that:

(1) The addition of mesoporous silica in the PVB coating applied onto
zinc can significantly decrease the cathodic delamination rate.
More precisely it significantly decreases the delamination for
additions of 1% or more. For lower concentrations of 0.5%, the
effect for the case of MSNP was relatively small, but for MCM-41
or SBA-15 a very interesting behaviour was observed. While
initially the delamination occurs nearly as usual, after a few hours
(and several millimeters of delamination) self-healing at the
interface was observed, i.e. delamination not only came to a halt
but the potential at the delaminated interface increased again to
the one of passive zinc. Since the defect remains active, i.e. no
corrosion inhibition occurs in the defect, this means that the
delaminated interface was re-established into an interface effec-
tively blocking ion transfer and inhibiting electrochemical re-
actions. Such behavior is of high interest for smart self-healing
coatings where a relatively fast delamination progress ensures
fast spreading of a trigger signal (e.g. increase in pH, decrease in
potential) for smart release as well as fast transport of the
released active agents along the delaminated interface. Once the
defect is passivated and maybe even covered by a new polymer
coating, the delaminated interface has to be healed, too. This is
obviously provided by the silica additions to the coating. It is
proposed that as a consequence of the cathodic ORR at the
delaminated and delaminating interface the corresponding in-
crease of pH leads to a degradation of the silica in the vicinity of
the interface. The silicate released by this degradation forms a
protective layer and re-established a protective interface.

For such silica containing PVB coatings applied on Fe substrate,
just a decrease of the cathodic delamination rate is observed, but
no self-healing of the interface. Even though also in this case a
thick layer of degradation products of the resulting layer is found
to be less protective. This is proposed to be mainly related to the
initially much higher pH values at the interface, which is pro-
posed to result in a more porous corrosion product layer that
cannot block ion transport between defect and the delaminated
interface.

(2)

(3

—

The size of mesoporous SiO; seems to have an effect on the degree
of inhibition of the cathodic delamination rate. For iron as sub-
strate it is observed that with increasing size of the mesoporous
SiO, particles in the PVB coating, the decrease of the rate of
cathodic delamination is more pronounced. The coating with 4%
MCM-41 shows the best corrosion resistance and lowest cathodic
delamination. To the contrary, for zinc as substrate, the initial
inhibition effect is the strongest for the smallest silica particles. It
is proposed that this is due to the effect that on zinc the interfacial
zone of significantly increased pH is much thinner than on iron.
In this case a higher release rate of silicate is proposed to occur
only for the smaller particles. The larger particles are not fully
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inside this thin layer of higher pH and hence show initially a
lower degradation rate. However, this higher initial inhibition for
the smallest particles is proposed to be the reason that at 0.5%
silica addition the smallest silica particles (MSNP) do not show a
self-healing of the delaminated interface, while the others do. It is
proposed that the higher initial inhibition of cathodic delamina-
tion for PVB with 0.5% MSNP prevents sufficient silica degra-
dation and maybe also zinc corrosion as to allow the formation of
a blocking corrosion product layer at the interface that restores it
as intact interface. This is also proposed to be the reason for the
absence of self-healing at higher additions of silica in general. The
degradation in alkaline aqueous solution did not reveal any sig-
nificant differences between the different particles.

Concluding, the corrosion behavior of organic coatings can be
effectively improved through addition of mesoporous SiO5. The amount
and size of the added mesoporous SiOs plays an important role for the
overall performance. It is believed that the present work will give
important guidance on how to apply mesoporous SiO4 for significantly
improving self-healing coatings in the future. Especially for application
on zinc the observed self-healing effect at the delaminated interface is
very promising for application in smart self-healing coatings.
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