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Abstract 
Computed Tomography (CT) is an approach that has been extensively applied in many 
areas of science from understanding structures in living organisms to materials science. 
In materials science, the study of structures within coatings presents challenges on at 
least two different levels. First, the structure of the coatings needs to be understood from 
the atomic scale, where dissolution reactions begin, up to length scales which cover the 
aggregation of inhibitors and other additives, which take place at ~10-5 m, i.e. 4 to 5 
orders of magnitude. CT is a favourable imaging technique since it allows multiscale 
information to be obtained non-destructively down to tens of nanometres. In this study 
X-ray absorption contrast imaging has been used to examine structures created using 
strontium chromate (SrCrO4) particles embedded in an epoxy film. It has been found 
that SrCrO4 particles can form clusters that extend a few hundred microns in the plane 
of the film, span the thickness of the film and have fractal characteristics. There are also 
volumes of low density epoxy of similar sizes and characteristics to the SrCrO4 clusters. 
The SrCrO4 clusters have a strong influence on the leaching behaviour since the release 
changes with time. Initially, leaching is controlled by direct dissolution but, as the 
clusters dissolve, the release is dominated by the fractal dimension of the cluster. The 
dissolved clusters leave behind voids filled with electrolyte that provide alternative 
transport pathways for corrosive ions through the polymer. In this paper, the nature of 
these clusters will be reviewed and the implication for transport properties and 
electrochemical assessment will be explored. 
 
 
Keywords: computed tomography, strontium chromate, inhibited primers, 
Electrochemical Impedance Spectroscopy (EIS). 
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1.0 Introduction 
 
Recently, the authors reported the presence of clusters of strontium chromate (SrCrO4) 

particles within an epoxy film which served as a model paint primer[1,2]. It was found 

that SrCrO4 particles formed intertwined clusters extending laterally in the plane of the 

film, the largest of which had fractal dimensions around 2.4. The leaching of inhibitor 

from these clusters was complicated and followed a range of behaviours exemplified by 

the non-linear accumulation (on a log-log plot) of Cr in the leachate solution where a 

linear accumulation with a gradient of 0.5 would indicate Fickian diffusion [1, 3-5]. 

This behaviour was similar to other studies where the accumulation scaled with tn where 

n could vary from 1.0 to 0.0 with increasing time. Release rates less than t0.5 are difficult 

to explain.  Javierre et al. [6] examined a number of configurations for Fickian diffusion 

models and indicated that they could not explain a behaviour that is less than t0.5. 

Jenkins and Miller observed that leaching kinetics could go from t1 for direct dissolution 

through to t0.5 for Fickian dominated diffusion to  t0 when the chromate was completely 

exhausted [7]. However, the observed leaching profiles are more complicated in that n 

can vary significantly in any individual experiment. Tabor and Warszynski [8] found 

rates from t0.5 to t1.5 using various based on the Noyes-Whitney model [9] (i.e., the rate 

of release is proportional to the difference between the actual concentration and the 

concentration at saturation).  Leaching from clusters with fractal structures might 

provide a better explanation of the leaching behaviour through the following stages: 

Leaching begins with direct dissolution of inhibitor particles connected to the external 

electrolyte followed by dissolution from within the cluster which tends to have a leach 

rate that reflects the fractal nature of the network.  Eventually, the chromate in the 

cluster is exhausted and n will approach zero, and leaching will stop.  

 

The clusters themselves are thus important from the perspective of leaching but also for 

the transport pathways that are created when the SrCrO4 is dissolved. Here the void 

created by the dissolution of SrCrO4 provides a pathway for transport of electrolyte 

including corrodents, and corrosion product (e.g. metal cations) from the interface 

between the metal and the ”cluster void”  to the coating/electrolyte interface. 
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The purpose of this paper is to elaborate on the influence these networks have on 

corrosion processes and the consequences for electrochemical impedance spectroscopy 

(EIS) equivalent circuit modelling. The focus therefore is on electrolyte penetration of 

the SrCrO4 clusters themselves and the fractal void space left after their dissolution, 

particularly of pathways that connect the external environment to the metal/coating 

interface. In this sense this paper is a discussion paper rather than a paper presenting a 

complete body of new research, although new data are presented. To achieve this 

objective the paper is divided into two parts with the first part providing an overview of 

a physical model based on the clusters and the implications on transport from a 

phenomenological perspective and the second part addressing the implications for both 

corrosion and EIS.  

 

EIS modeling of coatings and their breakdown often considers the construction of 

equivalent circuits from the perspective of penetrative pathways from the external 

electrolyte to the metal/coating interface. Obviously, these structures represent 

heterogeneities in the coatings which are not easy to quantify in three dimensions. 

Clearly, Computed tomography (CT) provides the 3D structure of the SrCrO4 clusters 

and the low density epoxy (LDE, described below), which represents a case of lateral 

heterogeneity in the coating. Heterogeneity in coatings has been of some interest in 

recent years [10-14]. Heterogeneity might occur vertically or laterally within coatings 

and it may arise from structural or chemical variations which lead to a change in 

properties with location in the coating. Discussion on lateral heterogeneity is often 

framed in the context of penetrating and non-penetrating paths where, for example, H2O 

can diffuse down penetrating paths and reach the metal substrate whereas in non-

penetrating paths H2O will simply reside within the coating down to the base of the non-

penetrating path itself. Vertical heterogeneity (layering) has been explored to 

understand the physical processes behind the dispersive behavior associated with the 

use of constant phase elements (CPE) in EIS equivalent circuit modeling. For example 

Musiani et al. [11] found that having differences in permittivity and resistivity with 

depth offered a good explanation for the need for a CPE element. This is an example of 

heterogeneous property distributions. In the case presented here we describe structural 

heterogeneity caused by the clustering of SrCrO4 particles because of their 
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encapsulation in the epoxy matrix of an inhibited primer. We have classified this as 

structural heterogeneity because the density of SrCrO4 particles across the coating is 

fairly constant but it is the cluster structure that is causing the heterogeneity. Similarly 

the LDE is an example of structural heterogeneity since the LDE is well distributed 

over the sample but there are penetrative volumes of LDE indicating heterogeneity 

within these structures.  

 
 
2.0 Experimental 
 

2.1	Materials	and	Sample	Preparation	
This area has been covered in previous studies and will only be briefly addressed 

here[1,15]. Epikote® 828 (Resolution Performance Product) is a medium viscosity 

liquid epoxy resin produced from bisphenol A and epichlorohydrin. Hardener 92133 

was supplied by Akzo Nobel Aerospace Coating (ANAC). SrCrO4 was obtained from 

Akzo-Nobel ANAC [16]. Samples were prepared by adding SrCrO4 (0.5 g) to the 

Epikote (1 g) followed by hardener 92133 (2.2 ml), allowing the mixture to stand (5 - 10 

minutes) at room temperature and then coated onto glass microscope slides, resulting in 

an approximately 100 µm thick film. Films were left to dry overnight at room 

temperature and then cured at 40C for 7 days. A slither of the coating was removed 

from this film for tomographic analysis. For the leaching experiment, samples were 

immersed in the 0.1 M NaCl solution, prepared from analytical reagents, for 20 minutes 

at room temperature. The sample was then allowed to dry prior to X-ray CT 

examination. 

 

2.2	X‐ray	CT	Studies	
The X-ray CT studies have also been described before 1. Briefly, the X-ray CT 

projection images were acquired at room temperature and ambient pressure at the 

Shanghai Synchrotron Radiation Facility (SSRF) BL13W imaging beam-line. 

Projection images were collected at 15.5 keV, with an acquisition time of 2 seconds for 

each projection. A total of 900 projection images was collected with a total sample 

rotation angle of 180°.  
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CT slices were reconstructed from the projection images. First, background corrections 

were applied using flat-field and dark-current images. Normalized images were subject 

to Paganin’s phase-retrieval, with parameters tuned to optimize the signal-to-noise ratio 

and to minimize the edge enhancement without loss of resolution 17. Finally, the slices 

were reconstructed by using the method of filtered back-projection of the parallel X-ray 

beam [17]. Any ring artefacts in the slices arising from the reconstruction were 

subsequently corrected [18].  The reconstructed CT datasets prior and subsequent to 

electrolyte exposure were aligned by translation and rotation of slices to maximise the 

cross-correlations between corresponding images. These processed datasets, containing 

information of absorption indices, that were used for further analysis by using the data 

constrained modeling (DCM) method [19,20], in which the constituent material phases 

were spatially resolved using an optimized least squares minimization approach 19.  

 

 

3.0 Results and Discussion 
As described in the introduction, this paper is divided into two parts. In the first part an 

overview of recent CT studies is provided. In the second part this overview extends the 

discussion of these CT results for transport within the inhibited primers, corrosion and 

finally implications for EIS modeling. Figure 1 present a visual summary of the results 

obtained from previous studies. In this figure different components are represented by 

different colours, with the SrCrO4 particles in red, and the two largest SrCrO4 particles 

in orange and yellow (2nd largest), normal epoxy in grey-blue and the LDE in dark blue 

( Figure 1(a), (b) and (c).) The largest cluster, which is isolated as the blue cluster in the 

inset in Figure 1(c), spans the width of the epoxy film. 

 

3.1 Overview of recent CT studies 
 

3.1.1	 Polymer	Matrix	
Ideally a discussion of the polymer matrix should begin with the pure polymer, 

however, preliminary studies performed in our laboratories on the pure polymer indicate 

that the internal structures observed using CT on inhibited primers were not evident in 

the pure polymer indicating that the structures within the polymer itself are associated 
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with the presence of the second phase. Consequently, this discussion will begin with the 

polymer matrix in the presence of other phases.  

 

Several scenarios can arise with the structural relationship the additives (fillers, 

inhibitors, UV absorbers….) have with each other as well as to the polymer matrix  

which have important implications for the transport of species within the paint system. 

In determining transport pathways through these systems it is important to know 

whether the inhibitor can diffuse through the polymer or not. This will depend on both 

the nature of the inhibitor as well as the polymer matrix. The larger the inhibitor 

molecule then the less likely it will be able to diffuse through the polymer matrix. At the 

atomic level the polymer matrix has porosity between the polymer chains called the 

molecular pore volume which can be probed directly using positron techniques [21-23]. 

For the epoxies used in this study it was 5.5 Å and of a similar size to the hydrated 

chromate ion (CrO4
2-) at ~ 5 Å. Other epoxies have been reported to have even smaller 

molecular pore volumes (seeTable 1). In situations where the inhibitor size is similar to 

or smaller than the molecular pore volume of the polymer then it ends up being 

encapsulated in the paint system unless it is either connected to the external electrolyte 

via a defect larger than the molecular pore volume which intersects the SrCrO4 clusters 

or it is already at the external surface and exposed to the electrolyte as a result of the 

manufacture of the coating (Figure 1(a) and (b)). Where it is exposed to the external 

electrolyte then the “encapsulation” provided by the polymer is lost since the inhibitor 

can be directly dissolved into solution. Table 1 presents some typical inhibitor sizes and 

molecular pore volumes for polymer systems. The data for the inorganic oxyanions are 

for the mono-nuclear species, polynuclear species will be larger. The figures do not 

include waters of hydration which will make the ion and its hydration sphere larger. For 

both inorganics and organics it is also not clear whether the hydration sphere moves 

with the ion or whether there is a series of water exchange steps involving sequential 

hydrogen bond breaking and formation with different water molecules. This type of 

transport for waters of hydration has been discussed in the context of amphiphiles [24].  

 A second type of connected volume within the epoxy which was observed using X-ray 

CT is associated with areas of different epoxy density (Figure 1). This is a little studied 

and potentially controversial area still under investigation by the authors. X-ray 
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absorption contrast is one of the few techniques that can be used to detect differences in 

polymer density and there is no doubt that there are different absorption contrasts within 

the polymer reflecting different densities within many epoxies studied by the authors, 

but the exact nature of the differences is still under investigation. An example of a slice 

through a SrCrO4 inhibited epoxy shows the X-ray absorption density contrast 

associated with the epoxy, SrCrO4 particles (bright particles) and a lower density 

(darker) than the epoxy itself (Figure 2). Although it is clear that the lower absorption 

contrast region is associated with a lower density in the polymer density, it may not be 

straightforward to associate it with specific properties such as crosslink density. Part of 

the problem here is related to having only an incomplete knowledge of all the 

ingredients of the epoxy including surfactants (which may include Si in silanes), flow 

agents such as SiO2 and catalysts (which may include chlorine containing compounds or 

transition metals such as Ru in the Grubb’s catalyst used in self healing studies of 

epoxies [25,25]). Small amounts of Si, Cl or Ru can significantly change the absorption 

contrast hence the difficulty in interpreting changes in epoxy absorption density as 

changes in cross link density. On the other hand local variations in the distribution of 

these additives means that their distribution can, in principle, be studied. Even if the 

LDE regions are related to cross linking density it is not clear whether they are regions 

of high or lower crosslink density. It could be argued that regions of high cross-linking 

density may provide a more rigid but open network through which water can migrate 

since in regions where there is less cross linking, the polymer segments are not held 

rigidly in place by the cross-linking agent and can collapse on themselves thus closing 

any pathways and increasing the local density. If these regions eventually open up with 

water uptake and swelling then the X-ray contrast may switch, and what was formerly 

high density, might become low density.  

 

Previously the authors have found no evidence that the LDE volumes provided 

alternative transport pathways for the inhibitor over the timescales studied (7 days 

immersion in 0.1M NaCl solution). However, they may provide pathways for H2O to 

freely penetrate the film.  Based on their size alone small ions (e.g. Cl- and OH- and 

cations), could also freely penetrate the film, but because of their charge and the need 
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for charge neutrality it may imply that ion transport  proceed via an exchange process 

which will be slower than water diffusion. 

 
3.1.2 Structures formed by particle clusters 
In instances where the molecular pore volume is small the epoxy will act as an 

encapsulating system and the structure of the distributed SrCrO4 particles will dominate 

the transport of the inhibitor. In these circumstances transport of the inhibitor will be 

dictated by the geometry of the inhibitor particle distribution. Generally, formulators 

require good dispersion of all phases, however, until now it has not been clear what 

constitutes “good dispersion”. This topic is often also couched in terms of the pigment 

volume concentration (PVC) where, if the amount of solids is above the critical pigment 

volume concentration (CPVC), then there may not be sufficient polymer to completely 

coat the inhibitor particles. It appears possible to disperse the SrCrO4 particles into 

different configurations from extended clusters whose volume is described by fractal 

dimensions less than 3 to isolated clusters that effectively have a fractal dimension of 3 

[27]. For dispersed clusters overall leaching will be the sum of leaching characteristics 

of the individual clusters that are connected to the external electrolyte. The largest 

clusters have the lowest fractal dimensions and the smaller clusters approach a fractal 

dimension of 3, hence the leaching profile will be complicated. Some of these clusters 

will extend from the external surface to the metal/film interface where they will 

encounter a range of possible surface conditions. For example, the surface of the metal 

may have a surface oxide or a near surface deformed layer if untreated after polishing or 

abrading [28-33], or an anodized [28] or conversion coated surface [28,34] if treated.  

 

In the paint film, the development of transport pathways within clusters via the 

dissolution of SrCrO4 is not likely to be as straightforward as a dissolution front moving 

through the SrCrO4 clusters. As can be seen in Figure 3(a) before an epoxy containing 

SrCrO4 particles is exposed to an electrolyte there may already be a network of pores 

that penetrate through the cluster of SrCrO4 particles simply because the particles 

themselves are fragmented and cracked (effectively the local PVC>CPVC). This 

possibility has previously been reported by Foyet et al. [35]. In the case presented here 

the cracks are one to two hundred nanometres wide and many microns long (Figure 3). 

These paths could provide a route for the rapid uptake of water and the initiation of 
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SrCrO4 dissolution. It is not clear whether diffusion through these types of networks 

would be faster than diffusion through the epoxy itself given that the cracks may be 

filled with concentrated solution or gels resulting from the dissolution of the SrCrO4 

particles. Water transport has been shown to slow by up to an order of magnitude in 

amphiphiles due to confinement of water. Concentrated gels at the chromate particle 

surfaces may also have a similar effect on the kinetics of water, since all the chromate 

ion itself is known to slow by as much as an order of magnitude in concentrated 

solutions [36]. 

 

The dissolution of the SrCrO4 particles within the clusters is evident in Figure 1(e) and 

(f) where the largest cluster of SrCrO4 particles is broken into smaller clusters by the 

dissolution of a bridge which joins two parts of the cluster, but some SrCrO4 particles 

remain, so complete dissolution has not been achieved after this immersion time. The 

dissolution the SrCrO4 particles is also evident in the scanning electron micrograph in 

Figure 3. Clearly, after a period of immersion, the remaining SrCrO4 particles have 

rounded edges creating a void space around them. Presumably this is due to dissolution 

from the surface of the particle while void spaces apparent in the SEM might have been 

filled with gel or electrolyte which was removed during polishing for sample 

preparation. It should be noted that while we have reported on the fractal dimension of 

individual clusters, the fractal dimension of the network of void space surrounding the 

clusters of SrCrO4 particles if connected (c.f.Figure 3) would be even lower than the 

largest clusters, i.e., less than approximately 2.4, but it will approach the fractal 

dimension of the cluster as complete dissolution of the SrCrO4 particles is approached.  

 
To this point we have only examined one inorganic additive, however,  real paints have 

a number of inorganic and organic additives.  These additional additives may lead to 

other secondary networks within the paint coating that need consideration. As reported 

by Lee et al. [37], additives may act as sources and sinks within porous networks. In this 

case the initial source of the inhibitor are the SrCrO4 clusters, however other phases 

may act as sinks if they reversibly or irreversibly adsorb chromate. Moreover, given the 

fractal nature of some of the structures observed with the SrCrO4 particles, it is feasible 

that the inhibitor could be “lost” down pathways where the diffusion length to the 

external surface is exceedingly long. 
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Other effects might also be achieved with additives. In our work we have observed that  

soluble CaSO4 may provide alternative transport pathways for the leaching of inhibitors 

[37]. For example a defect made at the site of a CaSO4 particle (Figure 4) in an epoxy 

containing SrCrO4 and CaSO4 not only resulted in the dissolution of the CaSO4 particle 

itself but appeared to facilitate the dissolution of surrounding SrCrO4 particles 

suggesting connecting pathways between the two phases. Importantly, the implications 

of these studies are only beginning to be explored. 

 

3.2	 Transport	and	Corrosion	
In this section the potential role that the heterogeneity introduced by the SrCrO4 clusters 

and other structures may have in the development of corrosion is examined. 

Heterogeneous structures in paint coatings have been of interest for a number of years 

[6,710,11,15,16,38,41]. Heterogeneity within coatings can occur vertically, such as with 

layering or gradients (Figure 5(a) and (b)) or laterally such as with preferred, penetrative 

paths ( Figure 5(b) to (d)) [22]. Layering might arise from changes in either the 

structure or the properties of the coating. In the former case different structures or 

compositions in different layers of the coating will lead to concentration gradients from 

a materials perspective. Alternatively, there may be property gradients such as changes 

in resistivity with depth through the coating which also cause heterogeneity in coatings 

and lead to dispersion effects explaining the need for constant phase elements to replace 

capacitances in equivalent circuits [10,13,42]. (Of course, ultimately, property gradients 

result from the change in material as a function of depth.) Most importantly, gradients 

within heterogeneous pathways are likely to occur as part of the corrosion process, 

particularly if the migrating species are confined to the pathways and are unable to 

diffuse through the epoxy. These gradients will result from the gradual release of 

inhibitor at the pore/electrolyte interface or the buildup of corrodent species at the 

metal/pore base. An example of heterogeneity within a SrCrO4 cluster is shown in 

Figure 1(e) where SrCrO4 remains in a void created by the partial dissolution of a 

cluster. 

 

The species of interest migrating through the heterogeneous pathways include H2O, O2, 

OH-, inhibitor ions, metal ions and counterions. Penetrative heterogeneous structures, 



12 
 

such as the SrCrO4 clusters, the voids that remain after dissolution of the SrCrO4 

clusters and the LDE, potentially have a role to play in the transport of all of these 

species during the activation and corrosion processes. Generally, water uptake is rapid 

upon exposure of inhibited coatings to an electrolyte [35,41,43,44] as was the case for 

the epoxy film presented here which was saturated in less than four hours [43,45]. The 

uptake is not so fast in the pure polymer where better barrier properties are developed 

and H2O penetration may take many days [35,41,42]. Water uptake in epoxy is reported 

to be faster than that of anions such chloride ions [43,45]. The H2O uptake is thought to 

occur via diffusion of water through the polymer matrix, however, it is possible that 

other structures may play a role such as penetrative pores reported for electrodeposited 

epoxys without inhibitors [41,46,47]. In the samples studied here, where the inhibitor is 

present, there may be accelerated H2O transport through the LDE components. 

Alternatively, if there are SrCrO4 clusters connected to the external surface, then 

migration of water through the cluster along defect pathways in the SrCrO4 particles is 

also possible ( Figure 5(c)). Whether migration through the cluster is a faster process 

than through the polymer matrix in this very early stage of water uptake is not known, 

although faster H2O penetration through inhibited primers compared to the parent pure 

epoxy suggests that “short-circuit” pathways are present when the inhibitor is present 35.  

Setting aside the question of migration rates, there appears to be five types of 

penetrative pore networks that may be important for the transport of species including: 

i. through the polymer itself at very small scales typical of the molecular pore 

volume, 

ii. through additive clusters (e.g. SrCrO4) that connect the external electrolyte to 

the metal/film interface, 

iii. associated with either PVCs that are locally higher than  the CPVC or PVCs 

that are globally higher than the CPVC. These are distinguished from those in 

(ii) because they are related in interparticle void due to lack of polymer rather 

than  void created by the dissolution of the particle, 

iv. Local variation in density of the polymer itself such as with the LDE 

components mentioned above, 

v. Mixed pore networks particularly those that are not connected to the external 

surface but reach the metal/coating interface or vice versa  
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Summarising with respect toFigure 5, the types of pore networks mentioned in the 

literature have a range of scales from that of molecular pore volume (case (i)) to micro-

porous defects (case (ii)). For example, penetrative pathways through the polymer itself 

may range in scale from micropores 41 or domains with different polymer density  

(LDE) [1,2] down to pathways through the intramolecular volume [22, 35]. There is 

also likely to be a strong dependence on the chemistry of the polymer and the cross 

linking agent [22, 23].  

In the case where there are additives, then additional pathways might be introduced 

forming channels through the additive network creating heterogeneous penetration 

(case (iii)-(v), Figure 5(c)). In this case, there are several possibilities related to 

different aspects of the coating. One crucial aspect is the PVC; if it is higher than the 

CPVC then there will not be sufficient polymer to coat all the pigment resulting in 

voids in the coatings (case (iii), Figure 5(b)) [48]. This can also occur locally when the 

pigment is not mixed thoroughly with the polymer creating regions where the local 

PVC > CPVC ( Figure 5(b) red ellipse). The addition of more than one additive phase 

further complicates the picture with the potential introduction of more networks as well 

as sinks for inhibitors [37].   

 

3.3	 Electrochemistry	
The nature of electrochemical impedance spectroscopy (EIS) means that the penetrative 

pore networks, which provide conduction through the coating, will dominate the EIS 

measurements [41]. Thus from an EIS perspective, reactions that occur within the pores 

and at the base of the pores are of critical importance. The simplified Randles circuit is 

generally accepted as a good equivalent circuit model for a coating without exposure to 

an electrolyte (Figure 6(a)). However, this circuit very quickly evolves into more 

complicated and often controversial model circuits when a coating is exposed to an 

electrolyte. This initial response of the coating on exposure to electrolyte (often 

referred to as activation) is generally modeled in EIS using the equivalent circuit 

described in Figure 6(b). It includes a coating capacitance (Cc) and pore network 

resistance (Rc) for the coating and a double layer capacitance (Cdl) and charge transfer 

resistance (Rct) for the coating/metal interface. After the initial penetration of water 

throughout the coating, corrodent migration results in the appearance of other active 
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species at the metal/coating interface at the base of the penetrative pores. At this stage 

the process of underfilm corrosion and delamination begins. The equivalent circuit that 

is often used here includes additional CPE elements in series with the pore resistance or 

the nature of this electrode may require a Warburg impedance to explain diffusion 

control across the interface. Phase angle information is often useful for determining 

which elements to use [49].  

 

Often CPE elements are used to replace the pure capacitors in the equivalent circuits 

presented in Figure 6 to produce better fits. The justification for the use of CPE 

elements may have several origins based on differences in properties within the coating 

that lead to dispersive behaviours as discussed above. While the SrCrO4 clusters and 

other pore networks reported here do not change our understanding of the nature of the 

corrosion and passivation reactions at the metal/coating interface, they will influence 

the transport of reactants to and from the active sites at the coating/metal interface and 

will have different pore properties to each other as well as gradients or layers within 

pore networks as discussed below.  

 

The tomography work here indicates that there is likely to be heterogeneous penetration 

along the SrCrO4 pore networks, as well as possible homogenous or heterogeneous 

(through the LDE) penetration of H2O, meaning that there will be individual equivalent 

circuits for all these different types of pathways and the impedance response will be the 

sum of these pathways (assuming they are independent), but dominated by those pores 

that have the highest ionic conduction [41,50]. A summary of these circuits is presented 

in Figure 7. 

 

Generally, within the pore networks, there will be ongoing changes in concentration of 

a range of species, specifically inhibitors, corrodents, and reaction products. The 

presence of inhibitors and reaction products will influence the transport of O2 and 

corrodents to the base of penetrative pores where the corrosion reactions occur by 

acting as diffusion barriers. In the longer term, reaction products are likely to 

eventually block the pores. In Figure 7, the interface has not been treated in detail  with 

just the impedance Zint assigned to it. 
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Focusing first on the LDE pore networks (Figure 7, top) and SrCrO4 clusters (Figure 7, 

2nd from top), it is likely that there will be concentration gradients within these 

networks, justifying the use of a CPE for each equivalent circuit. In the case of the 

LDE, differential H2O penetration from the mouth(s) of the pore network to the 

coating/metal interface will occur initially, oxygen concentrations will also vary and 

electrolyte concentration gradients might also potentially develop. For the SrCrO4 

clusters differential dissolution along the cluster from their mouth(s) to the 

coating/metal interface means that the properties within the dissolving cluster will vary 

from point to point and with time.  Moreover, the fractal nature of the cluster may mean 

that there are pockets of chromate concentrations within the cluster and the chromate 

distribution will not even follow a monotonic gradient through the pore network. This 

is because the dissolution front does not move smoothly through the cluster and so the 

SrCrO4 particles are not instantaneously replaced by electrolyte. Indeed a shrinking 

core model [7, 51-53], representing dissolution of the particle from the outside inward, 

will apply to every particle in the clusters. In fact, the concentration profiles of the pore 

networks through the partially dissolved SrCrO4 clusters may be quite complicated with 

eventual penetration of electrolyte into the pore network: concentrated chromate 

solution means chloride and sodium ions will need to undergo an ion exchange process 

to maintain local charge neutrality in order to penetrate the electrolyte within the pore 

network left by dissolved SrCrO4. 

 

There may also be mixed networks such as presented in Figure 7 (3rd from top), where 

a cluster connected to the coating/metal interface is penetrated by H2O that has diffused 

from the electrolyte interface through the epoxy. This pathway will contain components 

from both the epoxy matrix as well as the clusters, hence, the use of two components 

(RP, RP2, CPEC1, CPEC2) in series. While this model can be reduced to a single 

resistance (R = RP + RP2) and CPE element (CPE = CPEC1 + CPEC2), they are separated 

for the purposes of illustration here. The use of CPE elements for both these 

components is justified on the basis of heterogeneous penetration of H2O through the 

epoxy and concentration gradients within the SrCrO4 component as described above for 

the penetrative SrCrO4 clusters. At the bottom of Figure 7 is the equivalent circuit for 
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the epoxy itself.  As with other polymers, CPE elements would be justified on the basis 

of heterogeneous penetration pathways for H2O or properties through the coating. 

 

It is also worth noting that while the interface has been treated similarly in the 

equivalent circuits in Figure 7, (ZINT), the types of reaction that occur at the metal/film 

interface at the base of the penetrative pore networks will be different between pore 

networks depending on whether chromate is present or not. Ironically, the initial 

penetration of H2O and dissolution of an amount of SrCrO4 below the critical inhibitor 

concentration (~ 10-5M) [54,55] may mean that initially the most active short circuit 

pathways through the film are those through the chromate channels since chromate will 

act as an oxidizing agent. At longer times, when more SrCrO4 is dissolved passivation 

will occur [54]. In the case where there is no chromate, the delivery of water (and 

oxygen) to the interface will facilitate oxidation reactions causing some interim 

passivation, but these may be incipient sites for further corrosion once corrosive ions 

appear. So, initially at least, at the base of those penetration paths, ZINT will have at 

least two general equivalent circuits: comprising one for the penetration channels 

associated with the SrCrO4 and the other for water penetration channels. 

 
At longer times, when the corrosion reactions occur at base of  the penetrating pore 

networks then metal ions will be generated, which migrate away from the active site 

into the network and may form precipitates within the network where the electrolyte is 

not as acidic as at the anodic corrosion site. This precipitate will act as a diffusion 

barrier to corrodents changing the kinetics at the active corrosion site. These sites may 

eventually form the larger defects that are observed in coatings in addition to other sites 

where defects through the paint coating occur. 

 

Finally, the equivalent circuit models depicted in Figure 7 are assumed to be 

independent of each other based on the fact that all the electrochemistry occurs at the 

base of the pore network and presumably the transport through the pore network is 

significantly faster than through the polymer. Penetration of conducting electrolyte into 

the polymer network may eventually lead to reaction on the pore walls, which will 

further complicate analysis and may require a transmission line approach. 
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4.0  Conclusions 
In the paper we have described some recent advances in the understanding of the 

internal structure and distribution of inhibited primers. Specifically we have found that 

SrCrO4 particles can form extended clusters within primers which have fractal 

dimensions. Additionally, there appear to be regions of LDE that extend through the 

coating. Both these features are likely to be transport paths within the coating and form 

the heterogeneous structures often referred to in EIS studies which can lead to 

dispersion effects. In the case of the void network formed during the dissolution of the 

SrCrO4 clusters then concentration gradients are likely to form from the mouth(s) of the 

cluster to the coating metal interface (chromate cannot diffuse through the polymer in 

this system). For the LDE there will be water gradients through the coating during 

activation, but at latter times there may also be electrolyte gradients. A number of 

equivalent circuits models have been proposed for different heterogeneous pathways. 
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Figure Captions 
 

Figure 1: Microstructures of an epoxy primer containing SrCrO4 particles. (a) 3D 

distribution of all components of the epoxy including epoxy (grey-blue), low density 

epoxy (LDE in blue) and SrCrO4 particles (red), largest SrCrO4 cluster (orange) and 

second largest SrCrO4 cluster (yellow). Light blue arrows indicate where the largest 

cluster intersects the external surface of the paint. (b) As for (a) except the epoxy and 

LDE have been removed.  Green ellipse indicates the region of arrows in (a), and light 

blue rectangle indicates the magnified region (c). In (c) the green arrows indicate a 

selection of points where the LDE intersects the external surface as well as internally. 

The inset in (c) shows the five largest clusters with the largest in blue and indicates the 

width of the epoxy film. (d) Shows a bridge between two regions of the largest SrCrO4 

cluster (blue) amid other clusters and (e) shows the same region where the bridge has 

been dissolved, but indicating that some particles still remain. 

 

Figure 2: Slice from unleached sample of SrCrO4 in epoxy. There are several levels of 

contrast including the SrCrO4 particles, the epoxy and epoxy which is slightly darker 

(lower absorption). 

 

Figure 3: (a) secondary and (b) backscattered images of a SrCrO4 particle embedded in 

epoxy prior to any leaching experiments.  (c) Secondary and (d) backscattered images of 

a different SrCrO4 particle embedded in epoxy after leaching. Note the sharp well 

defined crystal structure of the SrCrO4 particle prior to leaching whereas the particles 

after leaching have rounded edges and surrounding void space. 

 

Figure 4: Top: Slice of a sample containing SrCrO4 and CaSO4 before (left) and after 

(right) leaching in 0.1M NaCl solution. Bottom: Slice with 3D distribution of SrCrO4 

particles above it before (left) and after (right) leaching. A scratch has been created at 

the surface of the sample near the CaSO4 particle which was fully dissolved after the 

leaching experiment. All the SrCrO4 particles have been dissolved around the CasSO4 

particle as indicated by the blue circle (top leached) and blue volume (bottom leached). 

Leaching was performed in 5% NaCl  solution for 24h. 
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Figure 5: Models reported in the literature for heterogeneous pathways through 

coatings. (a) Heterogeneity introduced through layering including two separate layers 

(left) or gradients (right). (b) Lateral heterogeneity through pathways created in the 

presence of additive particles, in this case where PVC > CPVC so there is not enough 

polymer to fill the interstitial volume between all particles. (c) Penetrative (to the 

underlying metal) and non-penetrative pathways within the polymer (no additives). (d) 

Inhibitor particle clusters which lead to penetrative channels when exposed to water, 

which may end up with concentration gradients of inhibitor, corrodents and metal ions. 

 

Figure 6: Matching stages of cluster dissolution with EIS equivalent circuits normally 

used to describe coatings at different stages of degradation. Exposure times on left are 

for the epoxy system studies here  15. The equivalent circuits and times shown on the 

right have been taken from 43. 

 

Figure 7: Schematic for several possible equivalent circuits based on individual 

structures observed using CT. Heterogeneous pore networks include the LDE (top), 

SrCrO4 clusters (2nd from top), mixed pore networks involving water penetration 

partially through the polymer and partially through other pore networks (SrCrO4 or 

LDE) (3rd from top) and the epoxy itself (bottom). 
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Table 1: Inhibitor Sizes (Data taken largely from 56for M-O and 57 for C-C and C-O bonds) 

Inhibitor Characteristic Size (Å) without waters of hydration* 

Chromate (CrO4
2-) 3.2 (condensation in acid environments) 

Molybdate 3.6  (polymerization in acid environments) 
Vanadate 3.6 (mononuclear species at low or high pH, but polynuclear at 

intermediate pH 56, 58) 
Phosphate 3.3 
Polyphosphates Large, but the P-O-P can hydrolise in acidic solution 
Organophosphate Depends on ligand. The following are the size of the ligand: 

OButyl: 5.8 
OPhenyl: 4.2 

Mercaptobenzotirazole 5.6 (characteristic length based on the square root area) 
Polymer System Reported Pore Volume 
Epoxy no additives different curing 
agents 59 

2.7 – 2.8 

Polyimide 22 3.27 
Polyimide 60  3.2 and 3.75 (bimodal) 
Epoxy 15 5.5 
* Size determined using the M-O bond length unless otherwise stated. 


