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a  b  s  t  r  a  c  t

The  goal  of  this  work  is to  model  the  release  of corrosion  inhibitors  from  damaged  organic  coatings.  In
the  present  study,  the  healing  response  (i.e.  the active  corrosion  protection)  is  triggered  by the  ingress  of
moisture  in  the  coating  through  the walls  of  a damaged  site,  followed  by  the  transport  of  the  corrosion
inhibitors  to  the  exposed  metal  substrate  by  diffusion  through  the  moisture  present  in  the  polymeric
coating.  We  propose  a mathematical–analytical  model  for  each  step  of  the  healing  response  in order
to  determine,  through  computer  simulation,  the  particle  configurations  that  lead  to desired  regimes  of
inhibitors  release  into  the damaged  site.  The  used  methodology  is  based  on overlapping  Fickian  leaching
kinetics  of  the  individual  corrosion  inhibitor  particles  present  in the  coating.  With  the  proposed  model
we  analyze  different  release  behaviors  proportional  to t˛ with  0.25  <  ˛ ≤  1 reported  in the  literature.  We
study  in  detail  the  conditions  yielding  a  linear  release  of corrosion  inhibitors  and  determine  the range
eaching
rganic coating
athematical modelling

of  release  rates  that  can  be  achieved  as  a function  of  the  particle  size  distribution  within  the  coating,
the  moisture  diffusion  through  the  coating  and  the  capsule  dissolution  kinetics.  In particular,  we  clearly
demarcate  the  systems  in which  the  linear  release  behavior  cannot  be obtained.  Furthermore,  we  find  that
our model  cannot  predict  the experimentally  observed  t0.25 kinetics  for any  configuration  and  condition
considered,  which  indicates  that  the  release  of inhibitor  compounds  from  particle  dissolution  in these

 Fick
systems  may  not  follow  a

. Introduction

Electrochemical corrosion of metals is a worldwide problem
hat entails high economic investments by governments and pri-
ate users related to the protection of new metallic systems
gainst corrosion as well as to the repair of damaged protective
ystems. One of the most common corrosion protection mea-
ures is the use of organic coating systems (mainly primer and
op-coat) since they are both efficient, relatively cheap, and can
e used in many different applications. Organic coating systems
rotect the metallic substrate via passive mechanisms (i.e. bar-
ier against corrosive species and high adhesion to the metallic
ubstrate), and active mechanisms (i.e. carriers of sacrificial pig-

ents and corrosion inhibitors). When the active organic coating

ystem is damaged and the metallic substrate exposed to the cor-
osive environment, the release of corrosion inhibitors from the
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ian  behavior.
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primer to the exposed metal is activated. The most used corro-
sion inhibitor types are based on hexavalent chromium [1–4] which
has demonstrated exceptional high performance in extending the
longevity of corrosion protection of metals. Nevertheless, due to
the known toxicity of Cr(VI) many other alternatives are being
studied [5–9] among others with the help of recently developed
high-throughput techniques for corrosion inhibitor selection and
optimization [10–12].

Corrosion inhibitors may  use different mechanisms to pro-
tect the exposed metal, although in most cases the protection
starts with the ingress of water (or other triggering substance)
through the breach in the coating towards the dispersed inhibitor
particles, followed by the dissolution of the dispersed corrosion
inhibitor particles, which will be transported to the exposed metal-
lic surface through the same water path. The leaching rate of the
corrosion inhibitors affects the immediate and long-term corro-
sion protection of the exposed metal and depends amongst others

on temperature [13], polymer binder structural properties and pig-
ment solubility [13,14],  and pH [15,16].

In terms of corrosion protection, a desirable system would be
one that releases corrosion inhibitors very fast during the initial

dx.doi.org/10.1016/j.porgcoat.2012.03.002
http://www.sciencedirect.com/science/journal/03009440
http://www.elsevier.com/locate/porgcoat
mailto:etelvina.javierre@unizar.es
dx.doi.org/10.1016/j.porgcoat.2012.03.002


Organ

e
v
c
o
f
k
[
c
r
n
a
i
c
p
t
e
l
a
t
b
r
m
i
i
p
t
u
(
a
p
t
h
i
b
i
t
s
b
o
a
i
s
m
i
t
c
t
r
t
c

s
c
s
l
o
i
f
i
o
o
t
a
e
c
r

protective capsule or, in its absence, the dissolution of the corro-
sion inhibitor particle occurs only when a threshold moisture level
E. Javierre et al. / Progress in 

xposure time to offer a direct and immediate protection, but then
ery slowly and in a controlled manner. In this way, there will be a
onstant corrosion inhibitor supply without leading to the release
f inhibitors that will not be able to react with the metallic sur-
ace and/or the formation of a depletion zone that is not able to
eep the corrosion protection for long times. Experimental studies
17,18] have found that the leaching rate of chromates and other
orrosion inhibitors depends on the polymeric matrix and the envi-
onment. Furman et al. [17] found that the release of chromates is
ot controlled by a Fickian diffusion process (t0.5) but described by

 faster t0.25 release, whereas Nazarov [18] found that the leach-
ng rate for the same corrosion inhibitor in a different matrix was
loser to logarithmic release as for vanadate, while the release of
hosphate was closer to the t0.25 and the release of tungstate closer
o a completely linear release (t1). These different responses can be
xplained qualitatively on the basis of standard diffusion or disso-
ution being the rate determining steps. Putting aside the absolute
mount of inhibitor released, these different time profiles indicate
hat there are different mechanisms, or at least different balances
etween mechanisms at work in the various cases. The different
elease trends for a single corrosion inhibitor from different poly-
er  matrices can be explained by the physical and physicochemical

nteractions between the inhibitor and various functional groups
n the polymeric matrix and the other fillers or corrosion inhibitor
articles present in the coating. Another possible explanation for
he different release trends could be the different pigment vol-
me  concentration – critical pigment volume concentration ratio
� = PVC/CPVC) which depends on the corrosion inhibitor particles
nd the matrix and can have important effects on the corrosion
rotection of organic systems [19]. Moreover, these results show
hat a highly efficient corrosion inhibitor in a certain matrix can
ave an undesired release that reduces its efficiency in protect-

ng against corrosion, while in other matrix the release trend can
e more favorable. At the same time, a less efficient corrosion

nhibitor could be incorporated into a polymeric matrix (coating)
hat promotes its efficiency in the fight against corrosion. As a con-
equence every corrosion inhibitor-organic matrix system has to
e studied as a specific case. In order to gain some control in the
therwise unpredictable release rates as a function of the matrix
nd corrosion inhibitor and decrease the particle–matrix negative
nteractions, a different approach can be employed: the use of cap-
ules, or coatings, covering the particles introduced in the polymer
atrix. This approach could allow the coating designers to employ,

ndependently of the polymeric matrix, the corrosion inhibitors
hey want with the desired release rate by modifying the employed
apsules [20]. An appropriate understanding of the possible causes
hat make that a certain corrosion inhibitor in a certain matrix is
eleased with a Fickian or non-Fickian diffusion rate will increase
he necessary knowledge for the design of anticorrosive organic
oatings with the desired release characteristics.

This paper contains a detailed theoretical model of the three
tages of the response to damage in organic coatings (water ingress,
apsule disintegration and inhibitor particle dissolution and diffu-
ion to damage). The mathematical approach compiling the overall
eaching behavior is used to give insights into the reasons (in terms
f design parameters) behind the observed non-Fickian release of
nhibitors from dispersed corrosion inhibitor particles. This work
ocuses on conditions yielding a linear release of encapsulated
nhibitors, but the approach would be exactly the same for any
ther specified leaching behavior. The paper analyzes the effect
f particle distribution in the matrix that gives a linear release in
he absence of a chemical interaction of the corrosion inhibitor
nd capsule components with the polymeric matrix. The math-
matical model in this paper highlights the big influence of the

orrosion inhibitor particle distribution and concentration on the
elease kinetics and release trends.
ic Coatings 75 (2012) 20– 27 21

2. Materials and methods

2.1. The mathematical model

The leaching behavior of inhibitors from organic matrices is
modeled by coupling the sequential stages of the response to
damage. The structure of a general organic coating, filled with an
unspecified number of dispersed corrosion inhibitor particles is
sketched in Fig. 1(a). It is assumed that the particles have a uni-
form rectangular geometry of homogeneous size, as is the case for
chromate particles in epoxy polyamide matrices [21]. The corro-
sion protection of the metallic surface relies upon the dissolution
of the inhibitor particles, activated by the ingress of moisture into
the matrix, and the transport of their compounds to the damaged
surface. To protect the inhibitors from reacting with the polymer
matrix, thus affecting the leaching kinetics, the inhibitors may  be
encapsulated or isolated from the polymeric matrix by other means
[20]. Under this assumption, the capsule should be opened in order
to activate the leaching of the corrosion inhibitors. Thus, in the
present model we  incorporate in the primer corrosion inhibitor
particles with a protective layer (e.g. capsule) that will be opened
to allow the release of the corrosion inhibitors. In order to simplify
the model and gain specific knowledge on how the basic stages
influence the final leaching kinetics, the effect of the moisture
absorption process from top to bottom (y axis) is not incorporated.
Furthermore, assuming a sufficiently dispersed distribution of the
inhibitor particles excludes soft-impingement effects and allows a
study of the overall leaching kinetics as the superposition of the
dissolution of the individual particles. A schematic representation
of the three stages (i.e. moisture absorption, capsule disintegration
and particle dissolution) involved in the response to damage for
a single inhibitor particle is given in Fig. 1(b)), while the mathe-
matical description of the processes taking place in each step is
described below.

2.1.1. Moisture absorption
Moisture transport in polymeric matrices depends on the avail-

ability of molecular-sized pores in the polymer structure and on
polymer–water affinity [23]. This interaction of water with the
polymer chains is responsible for the anomalous diffusion of water
within the coating [24]. However, moisture transport is well rep-
resented by Fickian diffusion in rubbery polymers (in which the
polymer chain can quickly rearrange as the moisture front advances
[25]) and in epoxy systems subject to relative humidities up to 75%
[26]. Based on this, for our study case we  assume that water ingress
into the primer is described by Fick’s second law

∂u

∂t
(x, t) = ∂

∂x
(Dm

∂u

∂x
(x, t)) for x ∈ (0,  d) and t > 0, (1)

where u denotes the moisture concentration, Dm the moisture dif-
fusion rate along the polymer matrix, x = 0 the local coordinate of
the capsule surface closest to the damage site and d its distance to
the damage wall. The coating moisture saturation or equilibrium
usat, which depends on relative humidity [26], is imposed at the
scratch surface, that is

u(d, t) = usat for t > 0. (2)

We assume that the reaction activating either the dissolution of the
umin is exceeded at the capsule (or particle) surface. This occurs
at a certain time denoted by tact

cap. Until this moment, the capsule
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Fig. 1. (a) Structure of an organic coating. (b) Phase

or particle) surface blocks the advance of the moisture front, and
ence

m
∂u

∂x
(0,  t) = 0 for 0 < t < tact

cap. (3)

he simplicity of the geometries under study allows solving Eqs.
1)–(3) analytically. Thus, after separation of variables and algebraic

anipulations we obtain that the moisture distribution through
he coating until the dissolution of the capsule (or the particle, in
bsence of encapsulation) is activated (i.e. for 0 < t < tact

cap) is given
y

u(x, t)=usat−4usat

�

∑
n≥1

1
2n−1

sin(
2n−1

2d
�(d − x))e−((2n−1/2d)�)2Dmt.

(4)

f interest to our model is the value of tact
cap. We  obtain tact

cap interpo-
ating the moisture concentration at the capsule-matrix interface,
(0, t), at the threshold moisture level umin. As moisture advances
s a diffusion front, the square root of tact

cap is linearly related to the
istance d, as can be seen in Fig. 2(a). Without loss of generality we
an write this relation as

act
cap = 1

Dm
(
d

k
)2, (5)

ith k a dimensionless parameter depending only on the ratio
min/usat. It shall be remarked here that no analytic expression has
een found for k. Fig. 2(b) shows the values of k obtained from a
arametric analysis using the above-described technique to find
act
cap and using Eq. (5) to obtain k. Of course k is independent of Dm

nd d, and hence Fig. 2(b) gives a full characterization of k.

.1.2. Disintegration of the capsule
In case of particle encapsulation, the membrane enclosing the

article must disintegrate (broken, in case of a propagating crack,

r dissolved, in case of entering reactives degrading the matrix) to
llow the leaching of the corrosion inhibitors. In this study, capsule
issolution is modelled as a phase transformation under equilib-
ium conditions at the capsule/polymer matrix interface [27]. From
e response against corrosion in a fractured coating.

a practical point of view, the capsule thickness (ı) shall be small in
comparison to the particle size (L) or its distance to the center of
the damage site (d + lc, where lc denotes half the damage width and
d denotes the distance between the damage wall and the capsule
surface), see Fig. 1. Hence, capsule dissolution can be accurately
approximated by its self-similar solution [28,29]. The effect of the
capsule components on the matrix properties is disregarded here,
and only the dissolution time tdiss

cap is of interest for the determi-
nation of the inhibitors leaching kinetics. Following [28], we  find
that

tdiss
cap = 1

Dcap
(

ı

ω
)2, (6)

where Dcap denotes the diffusion rate of the capsule compounds
in moisture and ω is a dimensionless parameter which determines
the capsule dissolution rate and depends only on the ratio between
the capsule solubility in water, csol

cap, and the capsule concentration,

cpart
cap , through the relation

ω = 2
csol

cap

csol
cap − cpart

cap

exp(−ω2/4)√
�[1 + erf(ω/2)]

(7)

(cf. Eq. (13) in [28], using c0 = 0 as initially no capsule components
are present in the primer and rearranging terms). In order to facil-
itate the visualization of this relation, ω has been plotted against
csol

cap/cpart
cap in Fig. 3.

2.1.3. Dissolution of the corrosion inhibitor particle
Once the barrier function of the capsule has been broken down,

the corrosion inhibitor particle can also be dissolved. We  assume
that the reaction at the particle/bulk matrix interface driving

particle dissolution is in equilibrium. This, together with the
hypothesis of stoichiometric corrosion inhibitor particles, allows
modeling the leaching of inhibitors into the polymeric matrix and
the damage site as a binary Stefan problem [27]. The inhibitor
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with �̃i =
∑i

j=1�j the activation time for particle i, see Fig. 4(b). For
Fig. 3. Dependence of the dimensionless parameter ω on ccap/ccap .

oncentration c diffuses outside the particle through the moisture
ccording to Fick’s second law

∂c

∂t
(x, t) = ∂

∂x
(D

∂c

∂x
(x, t)) for x ∈ (l(t), lend) and t > 0, (8)

here D denotes the inhibitor diffusion rate in moisture, l(t)
enotes the time dependent position of the particle/bulk matrix

nterface and lend denotes the distance from the origin of the
article to the center of the damage site. For each particle in the
oating we maintain a local coordinate system. In local coordinates,

 = 0 denotes the origin of the particle (i.e. the furthest border to
he scratch) and x = L denotes the end of the particle (i.e. the closest
order to the scratch). Under this notation lend = L + ı + d + lc, see
ig. 1. Zero flux boundary conditions are applied, out of symmetry,
t the center of the damage site, that is
∂c

∂x
(lend, t) = 0 for t > 0. (9)
meter k (taking Dm = 5 × 10−3 �m2/s).

Mass conservation drives the movement of the interface between
the particle and the polymer matrix (i.e. the rate of particle
dissolution), which is given by

(cpart − csol)
dl

dt
(t) = D

∂c

∂x
(l(t), t) for t > 0, (10)

where cpart denotes the inhibitor concentration within the particle
and csol the maximum solubility of inhibitor in water, assuming that
the dissolution of the inhibitor does not affect the spent volume.

We solve Eqs. (8)–(10) numerically using the so-called level
set method [28]. With this approach we keep track of the
particle–matrix interface position l(t) in time as well as the parti-
cle concentration throughout the matrix and damage site. In order
to determine the overall leaching kinetics we shall measure the
amount of corrosion inhibitors released by a single particle to the
damage site, which is given by

Mcrack(t) =
∫ lc

0

c(L + ı + d + x, t) dx. (11)

2.2. Controlled kinetics by overlapping diffusion fronts

For each particle in the primer, uniquely identified by its length
L and its distance d̃ to the scratch (with d̃  = d + ı, ı the capsule
thickness), we compute the time-history leached mass, Mcrack(t), as
described above. Note that the curve Mcrack(t) does not incorporate
the time needed for moisture to reach particle and dissolve the
encapsulation. However, Mcrack(t) does incorporate the time tcrack

needed for inhibitors from the particle to reach the crack void, see
Fig. 4(a).

In order to obtain a desired leaking kinetics we must determine
the times at which the different particles in the primer shall start
dissolving. As we may  be interested in different leaching kinetics
(i.e. linear, Fickian or non-Fickian) we  denote by f(t) the desired
leaching behavior without loss of generality. Denoting by �i the
time lapses between the activation of consecutive particles, the
overall leached mass is given by

Mcrack(t) =
N∑

i=1

Mcrack
i (t − �̃i), (12)
each particle configuration, we  obtain the times �2, �3, . . .,  �N from a
fitting procedure. The fitting is carried out in the time window that
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ig. 4. (a) Time evolution of the mass released to the crack Mcrack from three isolate
ass  released to the crack when moisture absorption and capsule dissolution take f

inetics determined by �1, �2 and �3.

overs the release from 1% to 90% of the total released mass. Conse-
uently, �1 is a free parameter in the model that allows the user to
hift backwards or forward the onset of leaching (see Fig. 4(c)). In
his work, only the best fit to f(t) is considered. Hence, �2, �3, . . .,  �N

inimize the mean square error (MSE). We  will say that a certain
eaching behavior is accomplished when R2(�2, �3, . . .,  �N) > 0.99.

Once the activation times �̃i (i = 1, . . .,  N) are known, the primer
oisture absorption and capsule dissolution kinetics can be deter-
ined. The activation times �̃i combine the time invested in
oisture penetration from the scratch surface, tact

cap, and the time
nvested in capsule dissolution, tdiss

cap . Hence, the following equations
hould hold:

1
Dm

(
di

k
)2 + 1

Dcap
(
ıi

ω
)2 = �̃i, and di + ıi = d̃i, (13)

or i = 1, . . .,  N. Eq. (13) allow the user to define the range of mois-
ure absorption and capsule dissolution kinetics (Dmk2 and Dcapω2

espectively) that yield the activation times �̃i and consequently
he desired leaching behavior. If no further constrains are imposed,
oatings fulfilling Eq. (13) shall verify

mk2 > max
i=1,...,N

d̃2
i

�̃i

and Dcapω2 < min
i=1,...,N

d̃2
i

�̃i

(14a)

r

mk2 < max
i=1,...,N

d̃2
i

�̃i

and Dcapω2 > min
i=1,...,N

d̃2
i

�̃i

(14b)

or each valid value of Dmk2 and Dcapω2 one unique solution exists
or the distances di and ıi (i = 1, . . .,  N). Once Dmk2 and Dcapw2 are
xed, the capsules thicknesses ıi are obtained solving

(d̃i − ıi)
2

Dmk2
+ ı2

i

Dcapω2
= �̃i,

hereas di = d̃i − ıi for i = 1, . . .,  N. If Dmk2 and Dcapω2 are taken
ccording to Eq. (14b) then di < ıi. This solution could be rejected
rom a physical point of view, since the capsule thicknesses ıi
hould be small compared with the other dimensions of the prob-
em. If the user wants to further impose an upper bound of the
apsules thicknesses, i.e. ıi < ımax for i = 1, . . .,  N, then the coating
oisture absorption and capsule dissolution kinetics must satisfy

d̃2 ı2
mk2 > max
i=1,...,N

i

�̃i

and Dcapω2 < min
i=1,...,N

max

�̃i

(14c)

It shall be noticed here that, in general, no valid solution can be
btained if the capsule thicknesses ıi are fixed beforehand.
icles located at increasing distances from the damage site. (b) Time evolution of the
h particle �1, �1 + �2 and �1 + �2 + �3s respectively. (c) Fit region and overall leaching

Hence, with the current analysis, for each particle distribution
and each valid leaching kinetics we obtain a set of coating-capsule
systems that yield the prescribed release behavior.

3. Results and discussion

3.1. Corrosion inhibitor release behavior: Fickian vs. non-Fickian

In order to understand why similar coatings with same inhibitor
type present completely different release behaviors under similar
conditions, the mathematical–analytical approach described in the
previous section is employed. Under the current hypotheses, the
dissolution of each individual particle follows a Fickian behavior,
which is characterized by a proportionality relation between the
mass released from the particle until time t and the square root of
t. This linear relation is eventually lost (when around 80% of the par-
ticle mass is released, see Fig. 5(a)) to reach a plateau due to either
the complete dissolution of the particle (as in the current case) or
the cease of the dissolution process because of the saturation of the
surrounding matrix.

However, when the dissolution of the N potentially active parti-
cles in the coating are combined in time, the resultant kinetics are,
in principle, unpredictable, depending both on the particle con-
figuration (size and position) and the matrix chemical properties.
This is clearly visible in Fig. 5(b), where three different release
kinetics are obtained for the same particle configuration but dif-
ferent activation times (�). The chosen configuration, consisting of
three particles of length L = 5 �m located at distances d̃1 = 0.25,
d̃2 = 0.5 and d̃3 = 1 �m from the scratch, serves as an illustrative
example. We  can impose a leaching kinetics proportional to t0.5 (i.e.
Fickian), t0.75 and t by altering �2 and �3. The Fickian release behav-
ior, the fastest of the three, is achieved for the smallest activation
times (�2 = 0.0056 and �3 = 0.0028 s). The release behavior propor-
tional for t0.75 is obtained for the intermediate activation times
(�2 = 1.1166 and �3 = 3.7031 s), whereas the linear release behav-
ior, the slowest of the three, is reached for the largest activation
times (�2 = 3.1737 and �3 = 2.8377 s).

The previous results show that the particle configuration alone
cannot explain the different release trends. However, the coating
moisture absorption and capsule dissolution kinetics cannot either.
For each value of �1, inequalities Eqs. (14b) or (14c) determine
the values that Dmk2 and Dcapω2 should have to yield the desired
release kinetics. One can easily choose the same Dmk2 and Dcapω2
for the different release trends, which implies that the differences
shall be explained by the capsule thicknesses ı1, ı2 and ı3.

For instance, Dmk2 = 1 �m2/s and Dcapω2 = 10−2 �m2/s fulfill Eq.
(14c) for all particles and release kinetics if we  take �1 = 1 s and
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Fig. 5. (a) Release of mass from a single particle of length L = 10 �m located at a distance d̃ =  5 �m from the damage site. (b) Leaching kinetics of a coating with three
potentially active particles. In all cases D = 5 �m2/s.

Table 1
Activation times and capsule thicknesses for the three release kinetics under consideration taking �1 = 1 s, ımax = 0.5 �m,  Dmk2 = 1 �m2/s and Dcapω2 = 10−2 �m2/s. In all cases
D  = 5 �m2/s.

Release kinetics �̃1 (s) ı1 (�m) �̃2 (s) ı2 (�m) �̃3 (s) ı3 (�m)

0.5 1.0
2.1
4.1
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release trends faster than Fickian. Several authors have reported
leaching behaviors following a t0.25 curve [17,18] for specific
primers and corrosion inhibitors. Such behavior however could not
be obtained by the proposed method and with the used particle
t 1 0.0989 

t0.75 1 0.0989 

t  1 0.0989 

max = 0.5 �m.  Under these conditions, where moisture absorption
s much faster than capsule dissolution, we observe that the cap-
ule thicknesses should decrease with the particle distance to the
cratch in order to obtain a Fickian behavior (see Table 1). How-
ver, for the linear release, the capsule thicknesses shall increase
ith the particle distance to the scratch. Note that in this partic-
lar example we have obtained the same ı1 for the three release
inetics, which in general is not the case.

.2. Linear release of corrosion inhibitors

In the remaining of this section we restrict our analysis to the
argeted linear release of corrosion inhibitors from the coating

atrix. Furthermore, to reduce the number of parameters involved,
e consider only configurations with uniformly distributed parti-

les. That is, we keep the interparticle distance dp constant. Hence,
˜2 = d̃1 + dp, d̃3 = d̃1 + 2dp, etc. We  study the effect of particle con-
guration on the amount of inhibitor concentration released to the
rack and on the rate at which inhibitors are released.

In this work we consider configurations with a fixed pigment
olume concentration (PVC) and vary the number of particles
resent in the coating matrix. Fig. 6 shows the particle density dis-
ribution as a function of the normalized distance between the crack
nd the closest particle d̃1/L.  Results show that for a fixed distance

˜1, a linear release of inhibitors will be obtained only for config-
rations on which particles are spread along the coating matrix
p to maximal interparticle distance dp. Furthermore, the density
unction is increasing with the distance d̃1 and with the number
f particles in the system. That is, to maintain a linear release of
nhibitors,

the larger the separation between particles is, the further away
the damage can occur, and
the larger the particles are, the smaller the separation between
particles must be.
The self healing capacity of the coating depends, among other
actors, on the quantity of inhibitors released to the scratch and
n the rate at which they are released. Fig. 7(a) shows the mass
eleased into the scratch by the valid configurations previously
056 0.0916 1.0085 0.0234
166 0.1410 5.8196 0.2286
737 0.2021 7.0114 0.2541

obtained. Results show that the mass in the scratch increases as
the particles are located closer to it. Moreover, for sufficiently
low interparticle distances, the amount of inhibitors in the scratch
increases with the number of particles. Fig. 7(b) shows the release
rate, derived from the linear fit parameters, for the valid configura-
tions. We  obtain that the rate at which inhibitors are released to the
scratch increases with the number of particles in the coating. Fur-
thermore, the fastest release is obtained when the scratch occurs
close to a cluster of particles tightly distributed. Hence, in order
to decide the optimal number of particles for a given coating sys-
tem, the designer should find a compromise between the inhibitor
mass necessary to stop corrosion on a typical scratch and the rate
at which the inhibitors should be released.

3.3. Inhibitor release faster than Fickian

To conclude the analysis, we discuss the model predictions for
Fig. 6. Interparticle distance density function vs. the normalized distance to the
scratch from the closest particle for a coating with 2, 4 and 8 particles enclosing the
same PVC. Configurations bellow the curves yield a linear release of inhibitors. In all
cases D = 5 �m2/s.
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ig. 7. (a) Normalized inhibitor mass in the scratch for the configurations with the
ith  the same PVC and producing a linear release kinetics. In all cases D = 5 �m2/s.

umbers, lengths and overall accuracy, excluding the possibility
hat Fickian dissolution of particles can rule the observed leaching
inetics. Several possible reasons behind the faster-than-Fickian
ehavior were explored, without successful results. The overall

eaching kinetics are determined basically from the activation times
f the potentially active particles. Hence, Fickian moisture absorp-
ion or any other absorption kinetics that can be represented
hrough an effective diffusion rate, are not expected to play an
mportant role in the outcome. We  also evaluated a non-linear dif-
usion of corrosion inhibitors through moisture [30], replacing Eq.
8) by

∂c

∂t
= ∇ · (Dc(1 − c)∇c), (15)

ut this change did not alter the results significantly (i.e. it only
ltered the slope of the release curve).

.4. Mechanical factors influencing the release kinetics

This work is focused on the chemical response to damage. In
his model, moisture ingress and inhibitor release are not altered
y the mechanical condition of the coating. This simplification
llows for a straightforward analysis of the role of particle config-
ration in the leaching kinetics. However, mechanical factors such
s the coating matrix (micro)deformations, swealling of the coat-
ng layers and/or delamination will influence the transport kinetics
f both moisture and inhibitor compounds. In fact, it is expected
hat some of the micropores in the matrix are closed while others
re enlarged or new ones are created (microcracks) due to matrix
eformation. A first work on the mechanical response of a damaged
xpansive coating has been recently published [31], and results
emonstrate the large influence of the coating layers mechanical
tiffness and adhesion in the self healing capacity of the coat-
ng. It is clear that efforts need to be focused on the development
f multiscale mechano-chemical models coupling both inhibitor
elease and coating deformation. However, the development of
uch models needs to be associated with thoroughly designed
xperiments to determine realistic values of the parameters
nvolved.

. Conclusions
A mathematical model for the release of corrosion inhibitors
rom organic coatings is proposed in terms of the sequential
bsorption of moisture, encapsulation disruption and inhibitor
 PVC and producing a linear release kinetics. (b) Release rate for the configurations

particle dissolution. Each of these processes is approximated by
a physically justifiable but rather simple model, minimizing the
number of parameters involved. The current paper focuses on
linear release of corrosion inhibitors, although faster leaching
behaviors have been characterized as well.

The results suggest that the release kinetics can only be
explained when the inhibitor type and distribution, capsule sys-
tem and coating matrix are considered as a whole. Changing one of
these factors changes the overall leaching kinetics. Moreover, the
obtained results give important insights into the optimal particle
configuration for a given PVC. If the corrosion rate and the necessary
inhibitor mass are well characterized as a function of the damage
width, the coating designer can decide based on this model the opti-
mal  number and size of corrosion inhibitor particles to obtain the
necessary leaching rate. Certainly, the presented model provides a
qualitative explanation of the experimental findings reported in the
literature [17,18].  However, a qualitative validation of the results
can only be obtained if (among other aspects) the inhibitor particle
distribution is known for the reported inhibitor-matrix systems.
Steps are being taken in this direction to obtain a calibrated model
in the near future.

Further extensions of the model, falling outside the scope of this
paper but of our interest, include elucidating the dependence of the
leaching kinetics on the PVC, the incorporation of inhibitor consum-
ing corrosion reactions at the exposed substrate and the analysis of
more realistic particle geometries.
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