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In this work a diffusion-driven inhibitor transport model is used to help in the design of inhibitor-loaded carriers
for anticorrosive primers. The work focuses on inhibitor release at damaged locations of different dimensions
exposed to electrolyte and is validated experimentally. The damage dimensions are first simulated to determine
the minimal inhibitor release rate necessary to reach the required inhibitor concentrations for corrosion pro-

Cerium . . . . . . .
Diatomite tection of the exposed metal. Kinematic and mass conservation laws are then used as first-order approximations
Zeolite to study the effect of different characteristics of nano- and micro-particles loaded with inhibitors embedded in an

organic coating during the first 100 s of immersion. The simulated results are validated experimentally using
epoxy coatings containing cerium-loaded zeolites and diatomaceous earth as nano- and micro-carriers respec-
tively. These experiments confirmed the simulated predictions, showing that under the used exposure conditions
nano-particles are only able to protect relatively small damages of micron size dimensions. Micron-sized carriers
on the other hand allow sufficient release to protect larger damages, even at lower pigment volume concen-
trations. Additional simulations on rapid electrolyte diffusion pathways inside the coating are also in good
agreement with the experiments, indicating the presence of diffusion pathways might play an important role in

sustained inhibitor release and corrosion protection at local damages.

1. Introduction

Organic coatings have the primary function to protect metal surfaces
from aggressive environmental conditions by a well-adhering passive
barrier layer [1,2]. This layer stops or significantly hinders the transport
of aggressive species, thereby preventing corrosion processes occurring
at the metal substrate [3,4]. Nevertheless, environmental factors (e.g.
mechanical stresses, thermal cycles and moisture) can cause micro- and
macroscopic defects in the coating, resulting in a local loss of protection
[5-7].

Corrosion inhibitors are incorporated in the coatings to provide
additional protection in case of local through-coating damages or after
barrier loss. Under such circumstances the inhibitor leaches from the
coating surrounding the damaged site towards the exposed metal and
protects it by blocking anodic and/or cathodic active regions. Hence, the
ideal coating should reduce the diffusion of aggressive species while, in
case of failure, allow a sufficiently fast transport of enough inhibitor
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through the coating for active protection [8,9].

Over the past decades a few studies have shown that particle net-
works and connectivity are important factors for the transport of
leachable inhibitors through the coating [10-15]. Tomography tech-
niques showed that inhibitor release in Strontium chromate (SrCrOj4)
containing primers is dependent on the creation of large clusters of
chromate micro-particles via void pathways [10,11]. Other studies
involving inhibitor salts have shown the importance of the coating
composition and pigment volume concentration (PVC) [12-15] and
modelled the effects of inhibitor diffusion through the coating [16-20]
and as function of pH [17-20] and damage size [18-20].

Modeling of inhibitor release from the coating walls at through-
thickness damage locations is complex when all factors are consid-
ered. This is due to the large amount of unknowns such as the rates of
electrochemical reactions at the metal surface involving local inhibitor
deposition, equilibrium conditions at the metal surface, local swelling
and hydrolysis in the coating, the release and transport of inhibiting
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species through the various interfaces and finally the heterogeneity of
the coating [21,22]. For this reason studies in the field include clearly
defined boundary conditions set by a number of assumptions to simplify
the problem yet allowing for relevant information to be retrieved. The
transport of inhibitors from the coating-damage interface under im-
mersion conditions, sometimes referred to as the chemical throwing
power [18], has been described as a diffusion-driven process based on
Fick's law [18,23]. On the other hand, several other studies have shown
that non-Fickian diffusion models are required to accurately describe the
inhibitor transport inside the coating [21,22,24,25]. While these simu-
lations give insight in the release mechanisms, they are rarely used
during the development of new anticorrosion coatings. This is caused by
the limited overlap between the modelled conditions and the actual
corrosion protection that is achievable by the anticorrosion system over
a period of time.

In the present work the inhibitor diffusion through a coating towards
a damage location is modelled using a multi physics finite elements
method (FEM) using the design parameters for anticorrosion primers as
variables. For simplification, a minimum local inhibitor concentration
for corrosion protection is considered without taking the actual corro-
sion and deposition reactions at the metal-electrolyte interface into ac-
count due to their fast reaction speeds in comparison with the other rate-
controlling steps in the process. The obtained parameters are used to
calculate the transport of inhibiting species from the coating towards the
electrolyte interface by mass conservation, assuming a homogeneous
system with random dispersion of inhibitors (located initially in the
discrete carriers) and charge neutrality of the solution. The results from
the transport models are used to predict the maximum obtainable period
of inhibition at damaged location under immersion conditions whereby
the damage size, carrier size, PVC and interconnected pathways are
taken as most important input parameters.

To validate the results from the model, a range of epoxy coatings
with inhibitor content and damage dimensions comparable to the sys-
tems modelled were prepared and tested using a recently developed
opto-electrochemical setup. Cerium is used as model inhibitor and
stored following previously reported procedures using both nano-
particles [26] and micro-particles [27,28]. Based on previous reports,
the cerium concentration should preferentially be between 10~ and
103 M and not higher than 1072 M [29-32]. In this work a minimum
local concentration of 10> M after 100 s immersion will be considered
as sufficient for protection to avoid any over-estimation on the simulated
minimum required inhibitor release rate. The effect of damage diameter,
carrier size, PVC and connecting inhibitor pathways on the degree of
corrosion protection are studied for the case of epoxy-coated AA2024-
T3, damaged and immersed in 0.05 M NacCl.

2. Computational and experimental details
2.1. Geometrical details

Fig. 1 illustrates the geometry of the coating system with the damage
dimensions and the electrolyte volume it was exposed to. The same
geometrical parameters and dimensions were used for the simulations
and the validating corrosion experiments.

The electrolyte is shown in Fig. 1 (in blue) is composed by three
interfaces: namely two cone-shaped volumes with an apex angle of 30°
(S1, where the electrolyte is in contact with the primer, and S2, where
the electrolyte is in contact with the topcoat) and a larger cylinder (S3)
to establish the dimensions of the electrolyte on top of the coating sys-
tem. The primer contains homogeneously distributed NaY zeolites or
diatomaceous earth (DE) as either nano-, or micro-carriers at a defined
pigment volume concentration (PVC) and inhibitor loading levels of the
carriers (. The diameter of the damage at the metal surface (@) and the
coating composition (i.e. pigment type, PVC and inhibitor loading) are
varied in the simulations and experiments. In the simulations this
exposed metal surface is considered to be inert (i.e. no local release or
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Fig. 1. Graphical illustration of the 3D model representing the anticorrosion
coating with its damage (i.e. circular hole) and the electrolyte volume it is
exposed too. A non-permeable topcoat is used to attain only for the lateral in-
hibitor release towards the damage. The inset shows the two carriers loaded
with cerium salt used in this work.

uptake of the inhibitor species) and a minimum accumulated inhibitor
concentration at the metal surface is considered as the governing con-
dition for protection. The boundaries at the side walls of S1 represent the
damaged coating primer surface (shown in orange in Fig. 1). From this
boundary a flux of diluted inhibitor species is assumed (i.e. dissolved
inhibitors moving from the coating boundary towards the centre of the
electrolyte). S2 represents the electrolyte enclosed by the topcoat walls,
S1 and S3. S2 has a fixed height of 100 ym with closed external
boundaries (no release or uptake by the topcoat or from S1). S3 is the
modelled electrolyte volume above the coating. In this case, the sides of
the cylinder are open in order to simulate the exposure of the damage to
a similar electrolyte field compared to the experimental conditions. The
top of the modelled domain is the electrolyte surface located 2.25 mm
above the metal surface.

2.2. Diffusion-limited model for inhibitor transport in the electrolyte

A 3D finite element model (FEM) is built in COMSOL Multiphysics®
5.4 (build: 225) to predict the concentration gradients of inhibitor
species in the electrolyte (in S1, S2, and S3) as a result of the diffusional
flux through the primer walls at the damage location (shown by orange
arrows in Fig. 1). The FEM model calculates the required flux of in-
hibitors from one surface (electrolyte/inhibitor-containing-coating
interface) towards another surface (electrolyte/metal interface). This
FEM model thereby only simulates the effects that occur at the coating/
electrolyte interface while coating parameters such as pigment volume
concentration are considered in the kinematic model discussed in 2.3.
The 3D CAD model of the electrolyte (Fig. 1) is built in CATA V5R20 and
imported as a solid step file into COMSOL with an absolute tolerance of
1.0 x 10~ mm. In these simulations the dissolution and diffusion of the
inhibitor through the coating is considered to be instantaneous. Hence,
the transport of diluted inhibitors in the electrolyte is modelled given the
boundary conditions as explained in the previous section. The transport
is assumed to be concentration-driven diffusion-limited; that is, con-
vection and migration by an electric field in the electrolyte are not taken
into account. The model also assumes that the inhibitor species are
dilute (<10~! M) at the coating/electrolyte interface. These conditions
are assumed to be realistic since only a limited amount of highly soluble
inhibitors is already in a dissolved state when they cross the coating-
electrolyte interface, allowing the inhibitor concentration to remain
below the solubility limit. The density and viscosity of the electrolyte
containing inhibitors can be considered the same (less than 5%) as those
of the solvent (H20) as reported in literature [33]. Under these condi-
tions the following mass flow Eq. (1) for dilute species can be used to
describe the diffusion of inhibitor i in the electrolyte:
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where is the concentration of the inhibitor species (mol/m?’), the mass
flux relative to the averaged velocity (mol/(mzs)), and the mass flow
reaction rate expression for the species (mol/| (m®s)).

In this case the mass flux is based on the diffusion of molecular
species through Fick's law as shown in Eq. (2):

Ji= —D.Vg; 2)

where D, is the inhibitor diffusion coefficient (mz/s), which can be
varied in the simulations.

The initial conditions of the model assume that there are no inhibitor
species present at the start (t = 0; Cpyx = 0) and that there is a constant
release flux (No in mol/(mzs)) of a predefined number of inhibitor
species (n) at the primer-coating boundary as shown in Fig. 1 and Eq.
(3):

Noo = —neJ; 3

For the simulations a standard mesh is used, consisting out of 7292
elements with an average quality of 0.66. The time-dependent calcula-
tions are executed with a step-size of 1 s on 7931 internal and 1501
external degrees of freedom within the mesh. The release-flux, inhibitor
diffusion coefficient and damage size are varied during the different
simulations to investigate their effect on the inhibitor concentration
profiles at and near the damage location over a period of 10 ks after
initial exposure. In this work it is assumed that the inhibitor release from
the carriers and through the coating is fast enough to reach this inhibitor
concentration.

2.3. Inhibitor depletion from carriers at the primer-electrolyte interface

The amount of released inhibitor from the carriers embedded inside
the coating can be calculated using a kinematic model whereby the in-
hibitor release flux (Np.) from the diffusion-limited model for the
electrolyte is coupled to a representative damage geometry and coating
composition. The inhibitor mass flow reaction rate taking place at the
coating-electrolyte interface over a period of time (t) can be obtained
from the diffusion rate using the principle of mass conservation:

dR,-_N _cos(30°)

ar e T o

4

where is the available inhibitor species (molar) that can be released from
the coating interface.

As a first order approximation, the calculations on the coating are
described in terms of homogeneously distributed inhibiting species from
the carriers without taking transport properties (i.e. linearization) and
electro-migration of the electrolyte into consideration. The coating-side
of the interface is shown in more detail in Fig. 2 and schematically de-
picts the inhibitor release from the coating for two carrier/network

< >
AA2024-T3 L @2
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configurations.

In the first configuration (Fig. 2a) it is assumed that the inhibitors are
released from the particles or inhibitor clusters with size (P) located at a
distance (L) from the coating-electrolyte interface, whereby 0 < L <P. In
the second configuration it is assumed that the inhibitors are also
released from particles located inside the coating with inhibitor trans-
port through an interconnected diffusive network (L > P). The inhibitor
(molar) mass can be calculated as a portion of the total mass of the
coating around the damage without taking the particle shape into ac-
count. For both configurations the following kinematic equation can be
used, whereby the weight of available inhibitor species is calculated by
taking the total coating volume around the damaged area at a variable
distance (L), together with the total coating density (p.) containing a
pigment volume concentration of loaded particles (PVC) that contain a
percentage of active inhibitor species (with molecular weight (Mw;):

nh(%’+L>Z |2 )?

mi = cos(30°)

PVCep, ey,

cos(30°)

(5)

MW,‘

Considering Egs. (4) and (5) the maximum release rate (Npax) that
can be reached over a period of time (t) before the inhibitor population
at a distance from the crack is completely depleted. This can be
expressed using Eq. (6), whereby the penetration distance (L) is the only
geometrical variable for a given coating composition and damage
geometry:

Nyax = pc.PVC.}l[

L2
Mw;et (5+L)

The model can also be used to describe the depletion time as the
moment when the inhibitor species are completely depleted form their
carriers in combination with the inhibitor release flux (Ng ) from the
diffusion-limited model in Eq. (7):

(6)

Laepteion = Pe*PVC-7;

@
Mw;+No, (% +L )

2.4. Materials and samples preparation for experimental validation

2.4.1. Materials

NaY zeolites (CBV 100) with a SiO/Al;03 mole ratio of 5.1 and a
particle size of 520 4+ 50 nm are purchased from Zeolyst International
and used as-received. Diatomaceous earth (Diafil 525) is supplied by
Profiltra Customized Solutions (NL). After cleaning the diatomaceous
earth following a procedure reported elsewhere [27], a mixture of
cylinder-shaped micro- to nano-porous amorphous silica particles with a
mean particle size of 12 + 5 pm is obtained. Cerium nitrate hexahydrate
(Ce(NO3)3-6H20) and dimethylformamide (DMF, >99.9%) are used in
the inhibitor loading process. 2 mm thick bare copper-rich aluminium

b)

<>
L @12

Fig. 2. Graphical illustration of the damaged coating to study inhibitor release for (a) single carriers directly exposed to the electrolyte interface and (b) inter-

connected network of particles.
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alloy 2024-T3 (AA2024-T3) panels are supplied by Kaizer Aluminium
and used as substrate. Commercially available bisphenol-A-based epoxy
resin (Epikote™ 828 with 184-190 g/eq. epoxy) and amine crosslinker
(Ancamine®2500 with 105-110 g/eq. H") are supplied by AkzoNobel
(NL) and used as-received to form the coating binder. Xylene (99%) is
used as solvent in the coating formulation. Milipore® Elix 3 UV filtered
water is employed in all steps requiring water.

2.4.2. Loading nano- and micro-carriers with inhibitor

The cerium loading of the zeolite and diatomaceous earth is carried
out following previously reported procedures through ion exchange
[26] and local precipitation by controlled solvent evaporation [28],
respectively. After loading, the effective release was measured with UV-
VIS using previously reported procedures [26,28]. the resulting Ce-
loaded zeolites (CeY) contain 12 + 0.5 wt% Ce®" cations in their
structure (active inhibitor species), while the Ce-loaded diatomaceous
earth (CeDE) contain 50 wt% Ce(NOs3)3-6H0, which is equivalent to 16
wt% Ce>* cations.

2.4.3. Coatings formulation and application

Coupons of 200 x 250 mm are cut from the same 2 mm thick
AA2024-T3 panel. The native oxide layer is removed using a 320 grit SiC
paper for at least 5 min until the entire surface appears bright and
containing fresh scratches. The panel is degreased with acetone and
sonicated in ethanol at 60 °C for 30 min. After air drying, a pseudo-
boehmite treatment is performed on the coupons to increase the
amount of reactive hydroxyl groups on the surface by 10 s immersion in
2 M NaOH followed by a 30 s immersion in distilled water and drying
with nitrogen. The coupons are then stored in a dry and clean envi-
ronment prior to coating for a maximum of 15 min.

Four different coating compositions are prepared (namely, REF, CeY,
CeDE1 and CeDE2), as listed in Table 1. The coating binder formulation,
identical for all coatings, is prepared using the g/eq. provided by the
resins manufacturer for a stoichiometric epoxy reaction. In the presence
of xylene as solvent, the weight-ratio used is 2.70:1.57:1.06 (epoxy:
amine:solvent). The binder formulation is mixed for 5 min using a high-
speed mixer at 2400 rpm and then left to pre-cure at room temperature
for 30 min. After adding the inhibitor-loaded carriers, the coating
formulation is manually stirred for 5 min and then applied onto the
metal coupons using a doctor blade with wet thicknesses of 10/50/100
pm depending on the coating layer to be deposited. After a flash-off
period of 30 min the samples are cured at 60 °C for 24 h to achieve
full crosslinking and solvent evaporation. Smaller samples of 25 x 25
mm were cut and the dry coating thicknesses were measured using an
eddy current probe. Only samples with a total coating thickness variance
of less than 20 pm were used. The thicknesses of the selected samples for
this experiment are indicated in Table 1. The samples are stored in a
desiccator and taken out to acclimatize 30 min before damaging and
corrosion testing.

Table 1
Composition and layer thicknesses of the four coating systems tested.
Name Single Carrier Carrier Dry Pe pvC!
layer type loaded with thickness
inhibitor
(phr) (pm) (€% (%)
cm®)
REF Primer - - 100 £ 20 1.20 -
Cey Primer CeY 142 45 145 0.90 30
Topcoat - - 100 + 20 1.20 -
Primer CeDE 32 45 145 1.12 10
DE1
ce Topcoat - - 100 + 20 1.20 -
Primer 1 - - 10 155 1.20 -
CeDE2  Primer 2 CeDE 140 45 1920 0.98 30
Topcoat - - 100 1.20 -
1
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2.4.4. Controlled damages on coated panels

A Roland EGX-350 engraver equipped with a conical cemented
carbide tip is used to create well-controlled circular damages to the
coated panels prior to immersion in electrolyte for the corrosion studies.
The engraving process stopped immediately after the first contact with
the metallic surface, as detected using an LED and a closed electric
circuit between the tip and the substrate. The engraving proceeded in
steps of 10 pm in the z-direction perpendicular to the sample surface
until the electric circuit closed (i.e. LED is ON). Damages with two
different dimensions are created depending on the tip used: (i) 50 pm
diameter damage with an AC125-BAL-PRO-0.002 with a tip-angle of 30°
and (ii) 300 pm diameter damage with a ZECA-2025BAL with a tip-angle
of 30°.

2.5. Corrosion evaluation with an in-situ optical and electrochemical set-
up

All tests were performed using a recently developed optical-
electrochemical setup [28,30,34]. The experiments aim to observe the
occurrence of either corrosion or inhibitor-induced corrosion protection
as a function of exposure time, and were designed to validate the results
from the simulations. All experiments were repeated at least two times
for each coating/damage configuration, producing comparable stages of
corrosion and inhibition.

The optical-electrochemical setup is placed on an optical table
equipped with active isolators and a damping breadboard. The table is
then covered with a Faraday cage to avoid interferences from external
electrical sources. The working principle of the setup is identical to the
one described in our previous works [28,30,34]. Main difference with
past works is that in the present work a commercial cell for Raman-
electrochemistry studies from redox.me® (See Fig. SI-1 of support in-
formation) is used. The cell has a volume of 4.5 ml, an aperture opposite
to a 1 mm thick quartz glass window of 3.5 cm? (i.e. exposed area of the
studied sample to the electrolyte) and an optical path of 2.25 mm (i.e.
distance between the sample and the quartz window). The cell is placed
vertically on top of a manual translation stage that allowed positioning
the damage in the field of view of the camera. This design of the Raman-
cell can be regarded as an evolution of the cells described in earlier
works [28,30,34], as it has a shorter optical path required for high
magnification recording and is easier in handling and focussing the
sample relative to the camera. A high-magnification USB camera from
Dino-Lite, model AM7515MT4A (415-470x) with a 5.0 megapixel
CMOS sensor (2592 x 1944 pixels) and an 8-LED ring-light is placed
parallel to the glass window to monitor and illuminate the exposed area.
The camera is controlled with DinoCapture 2.0 and programmed to re-
cord with a time interval of 1 min, simultaneously with the electro-
chemical measurements.

Highly resolved optical information at a resolution of 3 pixels/pm is
obtained through an automated image analysis procedure using ImageJ
software. After a recursive repositioning procedure the exposed metal
surface is isolated from the surrounding coating by cropping, resulting in
two sets of images. The images of the exposed metal surface are analysed
using the previously described analysis method to calculate the surface
fraction having undergone optical changes over time (related to corro-
sion) [35].

Under open-circuit conditions the local time-frequency behaviour of
the Electrochemical Potential Noise (EPN) provides information about
the corrosion kinetics, and so, the nature of the underlying physical-
electrochemical processes [36-38]. The EPN signals are studied with a
Hilbert-Huang transform through Matlab from Mathworks® based on a
publicly available procedure from Rilling et al. [39,40]. This was com-
bined with the use of published EPN spectra of the AA2024-T3 corrosion
and inhibition by cerium under immersion conditions in a similar
electrolyte [41]. In the present work, the described approach is used to
identify localised corrosion, inhibition or passivation regimes as a
function of the immersion time, as these regimes show clear
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electrochemical differences. Examples of the Hilbert-Huang identifica-
tion procedure can be found in SI-2. In short, the regimes for localised
corrosion are identified by signals with comparable features found
during measurements on local corrosion for AA2024-T3. The regimes for
inhibition are identified by activity at a higher frequency compared to
local corrosion on AA2024-T3, and the regimes of passivation by the
lack of electrochemical activity, resulting in a low-frequency drift.
Furthermore, ‘inhibition’ refers to ‘inhibitor effect in a dynamic process’
while passivation refers to a ‘time independent process’.

3. Results and discussion

Simulated and experimental results are obtained for damaged epoxy
coatings containing cerium loaded carriers. The coatings are applied on
AA2024-T3 and exposed to electrolyte containing 0.05 M NacCl.

3.1. Diffusion-limited inhibitor release simulations

The following section discusses the effect of several coating and
damage properties on the minimum required inhibitor release from anti-
corrosive coatings containing homogeneously dispersed inhibitor clus-
ters in the primer. The results are obtained using the diffusion-limited
model of the electrolyte in combination with mass-conservation laws
for the damaged coating system as explained in the experimental
section.

3.1.1. Damage size

In real applications the thickness of the primer and the diffusion rate
of the pigment are fixed while the damage size can vary. In line with this,
Fig. 3 shows the effect of the damage diameter () on the minimum
required inhibitor release rate needed for protection after 100 s of
exposure, considered critical for an efficient protection. Representative
predictions of the release rates required to reach 10~ M at the centre of
the damage are shown on the left side of Fig. 3 for @ = 50, 300 and 1000
pm for the circled locations in the graph. It should be noted that this
initial analysis is independent on the storage strategy of the inhibitor in
the coating (i.e. dispersed or in containers).

The results in Fig. 3 show that higher release rates are required to
protect larger damages (i.e. to provide sufficient inhibitor concentration

@ =1000 pm
.0

x105m
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all over the damage at 100 s exposure). This result is expected and in
good agreement with modeling and experimental results, showing a
decrease in protected area at the centre of a damage when the size in-
creases [17,18]. The decrease in protection is mainly due to the larger
diffusion path that the inhibitor needs to travel through the electrolyte
at the damage. The larger path requires larger diffusion gradients from
the coating walls towards the centre of the metal surface. The required
release rate shows a quadratic growth with the damage diameter as
diffusion gradients towards the bulk solution above the damage in-
crease. The simulations show that a minimum release rate of 4.2 x 108
mol/(mzs) for @ = 50 pm and of 9.3 x 1078 mol/(mzs) for @ = 300 pm
are required to achieve a minimum local concentration of 10> M for the
protection of AA2024-T3 at the damage within 100 s. It is important to
note that the effect of pH dependency is not taken into account in this
simulation, and will likely affect the release rates for smaller damages as
suggested elsewhere [17,18].

3.1.2. Carrier-size and PVC for sustained protection

When the inhibitors are loaded in carriers instead of homogeneously
dissolved in the coating, the model needs to take into account the in-
hibitor depletion kinetics from the particles. The inhibitor depletion for
the particles located at the coating-electrolyte interface can be calcu-
lated using Eq. (6) based on the inhibitor release rate simulations and
the mass conservation laws. For these calculations it is not only assumed
that the required inhibitor release rate and local inhibitor concentration
at the damage wall is achieved within 100 s, but also that this can be
sustained for at least 1000 s immersion by inhibitor diffusion from the
particles to the damage location. These conditions thereby simulate the
release rate to initiate protection within 100 s and sustain this for a
period of at least 1000 s. Fig. 4 shows the simulated maximum inhibitor
release rates (Npyax) that can be achieved during this period for a
damaged coating whereby the carrier-size (P) and PVC are varied.

Fig. 4 shows the expected result in accordance to literature where a
higher inhibitor release rate is achieved by either adding more loaded
carriers inside the coating (i.e. increasing the PVC) [21], or by using
carriers with a larger particle size [22]. More interesting, and not
described elsewhere, is the relationship between PVC and particle size in
Fig. 4, showing that an increase of the PVC above 30% does not result in
a significantly higher release rate while using larger carriers does

100s

103 M

| AA2024-T3 NCioea= 1x10°° M

10-6 M

—
<
N
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2 2
o] [}
No,c, Inhibitor release rate (mol/(m?3s))
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<
©

100 1000
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Fig. 3. Graph shows the effect of damage diameter (@) on the required inhibitor release rate (after 100 s of exposure. The red lines show the local inhibitor con-
centration at the centre of the damage. Schemes show the 2D cross-sections from the diffusion model at 10> M as indicated with circles. Model parameters: h = 45

um, D(Ce3) = 6.2 x 1071° m?/s.
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Fig. 4. Graph shows effect of particle size (P) and PVC on the maximum
reachable inhibitor release rate (that can be maintained for 1000 s. Model
parameters: @ = 300 pm, =15% Ce3* inside the carriers.

improve the behaviour, even at lower PVC. To validate the simulated
results, the corrosion protection under immersion conditions is tested
experimentally (and shown in 3.2) for damaged coatings containing: (i)
30 PVC nano-particles (CeY), (ii) 10 PVC micro-particles (CeDE1) and
(iii) 30 PVC micro-particles (CeDE2).

3.1.3. Inhibitor pathways through the coating

In the previous section only the particles located at the coating-
electrolyte interface are taken into account to study the maximum in-
hibitor release that can be sustained during 1000 s immersion. This
scenario ultimately results in the depletion of inhibitor species from the
nearest particles over longer immersion times (>1 ks). Fig. 5 shows the
calculated time-dependent depletion (distance from the damage into the
coating that shows inhibitor depletion at a given time). In this figure, the
area below the black dotted line represents the Ce®>* depletion over time
from a single-particle of 12 pm (e.g. DE particles). The area above the
dotted line represents the depletion length into the coating over time
considering that inhibitor pathways within the coating where created
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and calculated using Eq. (7).

Fig. 5 shows that the release time, and therefore the amount of in-
hibitor being released over time, can be increased when interconnected
paths between particles, i.e. networks, are created. Such connection
paths enable the release and diffusion of Ce>* ions located at relatively
large distances from the damage. It should be noted that in this case, the
inhibitor diffusion from particles further away from the damage edge
has to take place before the particles at the coating-electrolyte interface
are completely depleted in order to have a sufficient inhibiting power (i.
e. sufficient corrosion inhibitor release).

The same calculations as shown in Fig. 5 are performed for all the
coating and damage geometries validated experimentally at a later
stage. Table 2 shows the inhibition period that can be achieved for these
systems, assuming a minimally required inhibitor release rate from the
coating to maintain a local concentration of 107> M at the centre of the
damage. The inhibition period is calculated considering: (i) release
achieved by single particles at the damage (L = P) and (ii) release
achieved when an interconnected network exists with a penetration
depth (L) of 50 pm from the damage wall.

The results in Table 2 show that the coatings with CeY nano particles
are only able to protect for a relatively short period of time. For CeY
coatings it is thereby critical to achieve interconnected pathways early
on to keep the local inhibitor concentration at or above the minimum
required limit of 10~° M. The coatings containing CeDE1 particles show
an inhibition period that is 5 to 10 times longer compared to the CeY

Table 2

Corrosion inhibition periods in case of (i) single particle release and (ii) in the
presence of interconnected pathways obtained through simulation. The same
conditions are later one tested experimentally.

Coating Damage Inhibition period maintaining Gioca = 1 x 107>
system diameter M
Single particle Interconnected
release pathways®
50 pm 1.7 ks 23 ks
CeY 300 pm 1.2ks 13 ks
50 pm 18 ks 120 ks
DE1
Ce 300 pm 15 ks 70 ks
50 pm 47 ks 315 ks
CeDE2 300 pm 39 ks 184 ks

@ Maximum distance into the coating = 50 pm.

10° 3 A
’g Inhibitor pathways
3 <4
2 102—5
g AA2024-T3 L 212
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8 ]
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Fig. 5. Calculated time-dependent inhibitor release from CeDE particles located at the surface of the coating at the damage location (below dotted line) and the
release resulting from the presence of an interconnected network of particles (above dotted line). Model parameters: @ = 300 pm, =15% Ce>" inside the carriers,

PVC = 30, P = 12 pm.
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coating. This is remarkable because the CeDE1 coating contains a lower
amount of inhibitor species (10 PVC) compared to the CeY coating (30
PVC) thereby suggesting that larger particles are more efficient than
smaller ones even at lower PVC. The CeDE2 coating contains the same
PVC as the CeY coating, and shows the longest inhibition period. The
calculations show that larger particles and higher PVC can significantly
increase the initial period of protection when considering active parti-
cles are single particles in direct contact with the damage. In turn, this
allows more time for the creation of interconnected pathways and
therefore sustained protection. It is good to note that the results show a
best-case scenario and that shorter inhibition periods are more likely to
occur due to higher release rates and incomplete inhibitor depletion
from the particles at the damage.

3.2. Validation through optical-electrochemical experiments

The following section discusses the optical and electrochemical re-
sults obtained from the corrosion experiments using coating, damage
and exposure conditions similar to those used in the simulation (Section
3.1). In this way the experimental results are used to validate the model
results and the generic guidelines for the design of anticorrosive coatings
based on carrier systems. All the experiments were repeated at least two
times, whereby comparable optical and electrochemical results were
observed.

Fig. 6 shows the experimental results of epoxy coatings without in-
hibitors applied on AA2024-T3 and used as reference system (REF). The
results show the coatings behaviour with damages of @ = 50 pm (small
damage) or @ = 300 pm (large damage) exposed to 0.05 M NaCl aqueous
solutions. Fig. 6 a-b show the raw EPN signals. The background colour in
these plots (grey in this case) indicates the type of activity based on the

Small damage (@ = 50 pm)
a)

0.4
06 /’W’W’“"‘—’r’—*

-0.8 1

2DCorrosion M Inhibition [ JPassivation

E(V)

4k 6k

Time (s)

Surface & Coatings Technology 430 (2022) 127966

Hilbert-Huang spectra (HHS) analysis as described in the experimental
procedure shown in SI-2. As seen in Figs. 7 to 9, this background colour
varies between grey (corrosion), green (inhibition) and yellow (passiv-
ation). Fig. 6 c-d show the untreated original optical images under im-
mersion. While 6(e-f) show the images result of the software analysis of
the optical images related to local activity.

The EPN signal (Fig. 6 a-b) as well as the HHS analysis, can be
regarded as typical for the corrosion of AA2024-T3 under these condi-
tions [41]. Hence, the grey background colour used indicates a stable
localised corrosion process throughout the whole immersion period. The
optical results (Fig. 6 c-d) show that pits appear at the metal surface in
combination with oxide formation around the edge of the damage (i.e.
top-right corner for the small damage) and are in line with previous
measurements. The processed images (Fig. 6 e-f) show that the activity is
localised at the exposed metal and at the interface between the coating
and the metal surface (seen with the colour scale). No activity is
observed at or underneath the coating itself (i.e. no delamination). The
results show that the corrosion processes can be observed with high
spatial and temporal precision using this optical-electrochemical
approach.

3.2.1. The effect of damage size

Fig. 7 shows the optical and electrochemical results of epoxy coatings
containing cerium-loaded nano-particles (CeY coating) in the presence
of small (@ = 50 pm) and large damages (@ = 300 pm) and exposed to
0.05 M NaCl acqueous solution.

Fig. 7a shows initial inhibition (shown in green), followed by a
period of limited corrosion activity around 2 ks (shown in grey) with a
subsequent inhibiting period for the rest of the experiment. The optical
images (Fig. 7c) and processed images (Fig. 7e) indicate that the exposed

Large damage (@ = 300 pm)
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Fig. 6. Optical and electrochemical results for epoxy coatings during immersion in 0.05 M NaCl over a period of 10 ks containing a small damage (left) and a large
damage (right). (a-b) are the raw EPN signals, (c-d) are the original images with a black dotted line located at the edge of the metal/coating interface, and (e-f) the

software-calculated local activity maps. Scale bar represents 50 pm.
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Fig. 7. Optical and electrochemical results for CeY coatings during immersion in 0.05 M NaCl over a period of 10 ks containing a small damage (left) and a large
damage (right). (a-b) are the raw EPN signals, (c-d) are the original images with a black dotted line located at the edge of the metal/coating interface, and (e-f) the

software-calculated local activity maps. Scale bar represents 50 pm.

metal (inside the black circle) does not show any sign of corrosion be-
sides an isolated event between 2 and 4 ks that coincides with the
‘corrosion’ period identified in the EPN analysis. The simulation results
(Table 2) for this damage size confirms that the inhibitor release rate for
this coating composition is sufficiently high to prevent corrosion during
the first 100 s. Another remarkable result is observed in the activity
micrographs (Fig. 7e) which reveal a ring of high activity in the coating
surrounding the exposed metal (i.e. the damage). This outside ring
moves away from the damage centre with the immersion time, espe-
cially after 2 ks. The optical activity at the coating is likely to be the
result of a change in the refractive index of the coating as observed in
previous works [42]. This can be caused by one or a combination of
different processes such as water ingress, inhibitor release, delamination
and/or the formation of corrosion products underneath the coating.
Unfortunately, the image analysis is yet unable to discern which of these
is predominant but it confirms the expected behaviour in an inhibiting
coating with water ingress from the damage site.

When the large damage is investigated, the EPN signal (Fig. 7b) and
HHS analysis shows limited corrosion activity alternated with inhibiting
events (shown in grey/green), followed by passivation (shown in yel-
low). The optical images (Fig. 7d) show that pits and oxides have formed
inside the damage while the processed images (Fig. 7f) show that the
activity at the metal is localised yet present in all the exposed area and
occurs at high intensity (purple and red spots with sizes between 1 and
20 pm in radius). These results show that this anticorrosion coating is
not effectively protecting the exposed metal surface due to an insuffi-
cient action of the corrosion inhibitor already from the early stages of
immersion.

The optical-electrochemical results are in very good agreement with
the diffusion-limited release simulation model (Fig. 3). The

experimental results confirm that a coating with inhibitor-loaded
nanoparticles (e.g. CeY) that is very effective in the protection of rela-
tively small damages (@ = 50 pm), may be insufficient to protect large
damages (@ = 300 pm) already after 100 s. This is due to an insufficient
inhibitor release rate as indicated by the model and suggests together
with the simulation results, the need for higher PVC, discrete loading (i.
e. larger particles) and/or inhibitor networks as will be analysed in the
following sections.

3.2.2. The effect of particle size and PVC

Fig. 8 shows the processed optical-electrochemical results for CeDE1
and CeDE2 coatings containing a large damage (@ = 300 pm) during
immersion in 0.05 M NaCl. In addition, the CeDE2 coating contains a
thin 10 + 5 pm pure epoxy layer between the metal and the inhibitor-
loaded epoxy. The thin epoxy-amine coating layer between the metal
surface and the epoxy layer loaded with inhibitor prevented, during the
studied immersion conditions, the presence of corrosion processes at
undamaged locations through barrier increase. In this case all the optical
activity observed outside the damage can only be related to electrolyte
and/or inhibitor transport inside the inhibitor-containing layer. The
EPN signal and HHS analysis for both coatings (Fig. 8 a-b) shows inhi-
bition activity (shown in green), with limited corrosion at the end of the
exposure for the case of 10 PVC (shown in grey). The optical images
(Fig. 8 c-d) and the processed images (Fig. 8 e-f) for both coatings
confirm the lack of corrosion activity. This indicates a clear protection
against corrosion without significant water ingress in the coating
(absence of the activity ring at the coating around the damage as
observed in Fig. 7).

When comparing the CeY coating shown in Fig. 7 (i.e. PVC = 30)
with the CeDE2 (same PVC and inhibitor loading but larger carriers), the
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Fig. 8. Optical and electrochemical results for CeDE coatings during immersion in 0.05 M NaCl over a period of 10 ks containing 10 PVC (left) and 30 PVC (right)
micro-carriers. (a-b) are the raw EPN signals, (c-d) are the original images and (e-f) the software-calculated local activity maps. Scale bar represents 50 pm.

results clearly suggest the benefit of using larger particles as was pre-
dicted in the simulations: CeDE2 shows clear effective corrosion pro-
tection while CeY nanoparticles are insufficient to protect large
damages. Nevertheless, since the zeolite system relies on ion exchange of
Ce3' and the DE relies on dissolution of Ce(NO3)3 for the release of the
inhibitor, it is not possible to discard the influence of the binding type
between the carrier and the inhibitor on the effective corrosion pro-
tection, even though this distinction is not considered in the simulation
experiments while similar results are obtained. Furthermore, selection
of the carriers-inhibitor will not affect the results because the concept
relies on sufficient amounts of inhibitor release on site. Size and/or
binding type exert such a large influence on the inhibition that coatings
with significantly lower PVC (CeDE1) still show significantly higher
levels of protection than the coating with 30 PVC nanocarriers. These
results are in any case in good agreement with the model (Fig. 4), which
predicted that a higher release rate can be achieved with larger particles.
Similar results are obtained for the CeDE coating containing a small
damage (@ = 50 pm), shown in SI-3.

3.2.3. The effect of inhibitor pathways

The experimental results in Fig. 8 show that both 10 and 30 PVC
CeDE particles provide sufficient protection for a short period of time.
Also the simulation results shown in Table 2 suggest that for this time-
period (< 15-18 ks) the release of inhibitors from particles located at
the particle-electrolyte interface would be sufficient to yield protection.
Nevertheless, to reach an extended protection time the model suggests
that the creation of inhibitor pathways would be desirable. The diffusion
within the coating can be promoted by increasing the PVC (i.e. shorter
particle-particle distance). In this section the effect of diffusion path-
ways on the corrosion protection is investigated for the CeDE coatings
containing 10 and 30 PVC at relatively long immersion times (50 ks) for

small and large damages. Fig. 9 shows the optical results for a small
damage (left side) and a large damage (right side) during immersion in
0.05 M NacCl.

The EPN signal and HHS analysis for the small damage in 10 PVC
(Fig. 9a) starts with inhibiting activity (shown in green). Subsequently,
from 8 to 20 ks, some limited localised corrosion is detected (shown in
grey). At immersion times >20 ks a passive state is detected (shown in
yellow), which is in good agreement with the simulated protection time
of 18 ks when no interconnected pathways exist, as shown in Table 2.
When the damage is larger (Fig. 9b), the same coating of 10 PVC shows
inhibiting activity only during the first 7.3 ks. After this initial inhibi-
tion, corrosion gradually becomes more dominant with very character-
istic transients for AA2024-T3 in a NaCl solution. Additionally, this
result is in good agreement with the predicted protection time of 15 ks
for the single-particle release at the damage/electrolyte interface. The
optical images and analysis for 10 PVC (Fig. 9 c-d) suggest surface ac-
tivity at long immersion times. This is more evident when the treated
images are observed (Fig. 9 e-f). The small damage (Fig. 9 c and e) shows
some darkening of the exposed metal surface in combination with
several black spots (localised corrosion) and very high activity in the
analysed colour plot. Similar darkening of the entire surface is observed
in control samples in which the REF coating system was damaged, after
which these were immersed in 0.05 M NaCl containing 10~® M cerium
nitrate, which is below the minimum required for corrosion protection
(SI-4). This control test suggests that 10 PVC is unable to release sulffi-
cient Ce>" over longer immersion times (>10 ks). Additionally, the large
damage (Fig. 9 d and f) shows local activity (i.e. pits and co-operative
corrosion) and high local activity at the metal surface similar to the
REF coating, however to a lesser extent and appearing after longer im-
mersion-times.

In the case of 30 PVC, where inhibiting paths are expected, the EPN
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Fig. 9. Optical and electrochemical results for coatings containing CeDE particles at 10 PVC and 30 PVC during immersion in 0.05 M NacCl over a period of 50 ks.
Coatings contain a small damage (left) and a large damage (right). Scale bar represents 50 pm.

signals from the small as well as the large damage (Fig. 9 g-h) show
variable transient densities and amplitudes. The HHS analysis indicates
that these transients are associated with inhibitor activity in both cases.
The optical images for 30 PVC (Fig. 9 i-j) show the total absence of signs
related to corrosion over the period of 50 ks in both cases. These results
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are a clear indication that higher PVCs result in a longer protection
period, in particular when there is a network of interconnected particles,
as shown in Table 2. The local activity maps (Fig. 9 k-1) show a signif-
icant amount of activity at the coating near the damage (ring) moving
away from the damage centre during the first 20 ks and 10 ks for the
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small and large damage, respectively. This similar process was observed
for the CeY coating containing a similar PVC (Fig. 7), yet at much shorter
times (<10 ks) and is not present in the case of coatings without in-
hibitors or at lower PVC. This, together with the high degree of pro-
tection observed, supports the idea that the optical changes of the
coating (ring) are related to the electrolyte diffusion in the coating due
to the particle interconnections induced by a sufficiently high PVC.
Although not analysed in this work, the speed of the movement of the
ring outside the damage centre may be related to the electrolyte ingress
kinetics. The electrolyte path observed with the activity rings may
confirm the long-time protection through gradual dissolution of Ce3*
from locations outside the damage and its diffusion towards the damage
location. These results confirm the predictions obtained with the
simplified simulation model (Fig. 5 and Table 2) which indicate that
there will be a rapid transition to incomplete protection when no
pathways are present. These results support the underlying idea from
previous experimental works that the creation of inhibitor diffusion
pathways within the coating is of utmost relevance to facilitate efficient
corrosion protection for long immersion times.

4. Conclusions

In this work, a simplified diffusion-driven inhibitor transport model
based on kinematic mass-conservation laws is introduced as a first order
approximation tool to determine the required design parameters for
anticorrosive coatings containing carriers loaded with inhibitors. The
model is used to calculate the minimum required inhibitor concentra-
tion at the metal surface for protection. The simulations are validated
with experiments performed on epoxy coatings containing either zeo-
lites as nanocarriers or diatomaceous earth as microcarriers, loaded with
cerium salt as inhibitor. The simulated results show that quadratic
growth of release rates is required to achieve protection of larger dam-
ages over long immersion times. Simulation and experimental results
indicate that nano-particles loaded with corrosion inhibitors are only
able to protect small damages in the low-micron range even at high PVC
contents. For comparably high PVC or lower PVC, both simulations and
experiments suggest that larger carriers (in the range of several micron)
result in significantly higher inhibitor release rates and a tenfold longer
protection times, even at lower inhibitor content inside the coating. The
simulations predict that even longer protection times may be possible
when interconnected inhibitor diffusion pathways inside the coating are
created. This is validated experimentally using a combined optical and
electrochemical method. Maps of local activity obtained from optical
analysis under immersion show the presence of activity rings around the
damage not visible in unloaded coatings. These activity rings around
damages, are attributed to the diffusion of electrolyte and inhibitors
from the damage site into the coating and are related to the achieved
sustained inhibitor release and long-term protection at a damage sites.
This highlights the need of more fundamental research on how these
interconnected pathways can be created, whereby more extensive
diffusion models will be required to investigate the release rate trough
porous coating/carrier/inhibitor interfaces.
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