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a b s t r a c t

A theoretical model is proposed to explain the diversity of time profiles of the release of inhibitor to a
scratch in a damaged protective coating. The model involves diffusion of an inhibitor and inhibitor
release-triggering species and dissolution of inhibitor. The total mass MI of inhibitor released to a scratch
was approximated with a power function of time t: MI � ta. The numerical simulations showed that,
through variations in the properties of either the matrix or the inhibitor, primarily dissolution rate, a
could be tuned to any value in the range from 0.5 to 1.5.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Corrosion, the process that decreases the service life of plastic
and metallic structures, is a worldwide problem that entails high
costs related to the protection of new structures and the repair
of corroded ones. The most common and cost-effective method
of improving the corrosion resistance and durability of metallic
and plastic structures is the application of organic coatings. In gen-
eral, protection against corrosion can be accomplished in two
ways: passive protection results from high adhesion of a coating
to a protected surface and the creation of a barrier against corro-
sive species, whereas active protection can be achieved, for exam-
ple, through modification of a coating with carriers of corrosion
inhibitors [1]. Corrosion inhibitors can be added directly to a coat-
ing [2,3] but in some cases it can lead to degradation of coating
structure [4]. To increase self-healing ability of coatings, the corro-
sion inhibitors can be encapsulated and the capsules are intro-
duced into the matrix of the coating [5–8].

The release of corrosion inhibitor is triggered when a protected
substrate is exposed to a corrosive environment after the coating
has been damaged. The ingress of water or other species through
scratches in the damaged coating results in the release of the
inhibitor to an organic matrix [9]. The released inhibitor subse-
quently diffuses into the scratch and attaches to the exposed
surface. The rate of inhibitor release into an organic matrix
depends on numerous factors, including the temperature, the
solubility, the pH and the properties of the coating [10–13]. It is

typically assumed that the total mass MI of inhibitor released to
a scratch is proportional to a power function of time t, i.e.: MI � ta,
where a is the release exponent. For a special case of a = 0.5, the
release rate is Fickian, that is, the dynamics of a system is deter-
mined primarily by Fickian diffusion. If a – 0.5, then the release
rate is non-Fickian (pseudo-Fickian for a < 0.5, anomalous for
0.5 < a < 1 and superdiffusion for a P 1 [14]). The origin of non-
Fickian release rates can be qualitatively derived from anomalous
diffusion in porous polymeric matrix, the specificity of interactions
between inhibitor particles and various functional groups in the
polymeric matrix and other particles present in the coating.

The rate of inhibitor release into a scratch determines the qual-
ity of protection against corrosion. Ideally, a protection system
should release inhibitor to the scratch shortly after the coating
has been damaged to ensure immediate protection. After a pro-
longed period, the rate of the supply of inhibitor should decrease
to avoid loosing all of inhibitor from a location next to a scratch,
and an excess of inhibitor that does not react with the exposed
surface. Experimental studies have demonstrated that the effi-
ciency of protection against corrosion is strongly dependent on
the particular composition of an organic coating. An inhibitor that
is highly effective in a certain matrix can have undesired properties
in another matrix [15–17]. Various inhibitor release modes have
been discovered [10–19] depending on the actual composition of
the coating, i.e., the type of inhibitor and polymer matrix involved.
Although release controlled by a Fickian diffusion process (i.e., the
total mass MI of inhibitor released to a scratch proportional to the
square root of time t) has been observed in some experiments;
other results have also been reported (MI � ta, with 0.25 6 a 6 1).
Furman et al. [16] found that the release of chromates is described
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by a non-Fickian release (t0.25). Nazarov et al. [17] reported that the
leaching rate of the same corrosion inhibitor in a different matrix
was logarithmic, while the release of phosphate was closer to
t0.25 and the release of tungstate closer to linear (t1).

A thorough understanding of the origin of the diversity of the
release modes is necessary for the design of protective organic
coatings with the desired release characteristics. A few theoretical
models that involve various electrochemical processes have been
proposed to describe the dynamics of inhibitor release in specific
coating systems [12,20]. However, as far as we know, the problem
how to design a system with a specific release rate has been quan-
titatively addressed in a single study of Javierre et al. [21]. In par-
ticular, Javierre et al. [21] showed that some non-random
distributions of inhibitor particles within the matrix can lead to a
non-Fickian (MI � ta, with a P 0.5) release dynamics.

Although the approaches proposed in the aforementioned stud-
ies are important, other explanations of non-Fickian behavior
should also be considered. Primarily of all, different release modes
can be qualitatively attributed to either diffusion or inhibitor disso-
lution, which are the rate-determining processes of release. A
quantitative model based on this conjecture and interpolating be-
tween Fickian and non-Fickian release has not been proposed so
far. Consequently, the present paper is focused on modeling condi-
tions that lead to the non-Fickian release of inhibitor from a dam-
aged coating to a scratch. In particular, we propose a model that
considers the nonlinear coupling between the concentration of
an inhibitor release-triggering species penetrating the organic
matrix and the release rate of the inhibitor to the matrix. Although,
in general, the transport of species in organic matrices depends on
their structure and the interaction between the diffusing species
and polymer chains [22], which has led to anomalous diffusion in
some cases [23], we assumed that Fickian diffusion process
controls the transport of species. This assumption is justified, for
example, by epoxy systems [24] or rubbery polymers [25]. It fol-
lows from the numerical simulations that the release of the inhib-
itor to a scratch can be controlled in a wide range of rates by proper
tuning of a few model parameters.

2. The mathematical model

In the present study the process of inhibitor release to a scratch
was modeled for two- and one-dimensional systems. It was
assumed that an inhibitor release-triggering species penetrated
the coating from a scratch, which is a reasonable assumption if
inhibitor release is triggered, for example, by an increased concen-
tration of corrosion products. Change of pH can be used as an inter-
nal trigger for the release of inhibitors as, for example, during
localized corrosion of steel [26] or aluminum [27] the anodic area
often has an acidic pH and the cathodic area has an alkaline pH.
In the case of typical multilayer coatings it can be reasonably
assumed that the diffusion from the external surface of the
undamaged coating (top coat), with good barrier properties, is
much slower than the diffusion from a scratch.

The release of inhibitor from a damaged coating to a scratch is
modeled by the following coupled equations, which are defined
over a domain composed of a finite size scratch (0 6 x 6 rs;

0 6 y 6 ymax where x and y are space coordinates, rs is a half-
size of the scratch, and ymax is thickness of the scratch) and
semi-infinite (x > rs;0 6 y 6 ymax) coating (see Fig. 1 for a sche-
matic draw of the analyzed system):

cM;Sðx; tÞ ¼ CM 0 6 x 6 rs ð1Þ

@cM;C

@t
ðx; tÞ ¼ DM;C � r2cM;Cðx; tÞ x > rs ð2Þ

@cI;S

@t
ðx; tÞ ¼ DI;S � r2cI;Sðx; tÞ 0 6 x 6 rs ð3Þ

@cI;C

@t
ðx; tÞ ¼ DI;C � r2cI;Cðx; tÞ þ PðcI;C; cM;C; cPÞ x > rs ð4Þ

@cP

@t
ðx; tÞ ¼ �PðcI;C; cM;C; cPÞ x > rs ð5Þ

where cM,S and cM,C are the concentrations of an inhibitor-release
triggering species in the scratch and in the coating, and cI,S and cI,C

denote the respective concentrations of inhibitor outside inhibitor
reservoirs. We assumed that the concentration cM,S of the inhibi-
tor-release triggering species in the scratch is constant and equal
to CM (Eq. (1)). This assumption reflects a case of a coating
immersed in a corrosive environment, in which case the inhibitor-
release triggering species diffuse constantly into the scratch from
the surrounding environment. Because the diffusion of such species
within the external corrosive environment is typically much faster
than the diffusion within the coatings, it can be reasonably assumed
that the variations of these species within the scratch can be
neglected. The transport of all species is described by Fickian diffu-
sion (Eqs. (2)–(4)). To account for a finite capacity of the inhibitor
reservoirs, the concentration cP(x > rs, t) of the inhibitor within the
reservoirs was also introduced (Eqs. (4) and (5)) with P(cI,C, cM,C,
cP) being some function which specifies how the release rate
depends on cP, cI,C and cM,C. The parameters DM,C and DM,S are the
coefficients of diffusion of the inhibitor-release triggering species
in the coating and in the scratch, respectively; the parameters
DI,C, DI,S are the coefficients of diffusion of the inhibitor in the coat-
ing and the scratch, respectively.

The inhibitor is released locally in the coating and we assumed
that the rate of this process depends nonlinearly on the concentra-
tion of the inhibitor and the inhibitor-release triggering species in
accordance with the Noyes–Whitney equation [28]. In particular,
we assumed that the release rate P(cI,C, cM,C, cP) of the inhibitor is
given by the following formula:

PðcI;C; cM;C; cPÞ ¼ b 1� cI;C
acM;C

� �
cI;C 6 acM;C and cP > 0

0 cI;C > acM;C or cP ¼ 0

(
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Fig. 1. A schematic of the modeled one-dimensional system.
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