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Abstract 

Active anti-corrosion pigments, such as strontium chromate, are essential components of many corrosion protective 

organic coatings, since these leach out to provide active inhibition to the metallic substrate at the defective areas of the 

coatings arising during service from mechanical and/or environmental damages. Currently, formulators use empirical 

tests to determine effective inhibitor concentration, because the factors that determine leaching behaviour are poorly 

understood.  In this study, we present insights into leaching mechanisms by correlating the microstructure of model 

coatings pigmented with strontium aluminium polyphosphate hydrate (SAPH) to the transport of different species. 

It is found that diffusion and transport of active species through the polymeric matrix does not significantly contribute 

to the leaching kinetics. Thus, leaching starts when inhibitor pigments are in direct contact with the environment via 

surface-breaking defects in the coating, and continues as long as the cluster of connected inhibitor pigments is in direct 

contact with the environment, until 3-dimensional connectivity is lost. Therefore, the extent, shape and size of the 

clusters of connected inhibitor pigments, as well as the solubility and dissolution rates of individual pigments, play 

important roles in the leaching process. Additionally, the 3-dimensional percolation threshold (Pc) for pigment 

connectivity is proposed as a critical parameter that has significant influence on the leaching rate as well as the barrier 

properties of corrosion protective coatings. 

Keywords: Organic Coating; Inhibitor; Pigment Volume Concentration (PVC); Percolation Threshold (PC); Inhibition; 
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1. Introduction 

Organic coatings provide protection for metallic substrates by increasing the resistance of the ionic paths 

between the local anodes and cathodes on the surface of the metallic substrate [1-3], and by acting as a 

physical barrier to restrict/ prevent the transport of aggressive species to the substrate while having sufficient 

adhesion [4]. Nonetheless, physical ageing and interaction with environmental factors such as water/ 

moisture, thermal cycles, electromagnetic radiations and internal/ external mechanical stresses eventually 

result in formation of defects and, hence, failure of the organic coatings [5-7]. Inhibitor pigments are usually 

incorporated into the organic coatings to impart self-healing properties when a defect generates. Therefore, 

in an ideal condition, the coating acts as a reservoir for the corrosion inhibitor pigment until a defect 

generates and the inhibitive species leach out of the coating to interact with the substrate, which is in direct 

contact with the environment via the defect, to passivate the metal surface and retard the corrosion processes 

at the defect [5, 8-16].  

Salts of chromate are effective corrosion inhibitors in a variety of environments and on numerous metallic 

substrates. In particular, strontium chromate pigments incorporated into polymeric matrices provide very 

efficient protection for metallic substrates at cut edges and defective areas of organic coatings. This is 

attributed to the sufficient solubility, release and transport of the chromate species to defective areas of the 

coating as well as effective inhibition of the corrosion process [11, 17-21]. Unfortunately, chromate is 

carcinogenic, toxic and environmentally hazardous. Therefore, its replacement with benign and 

environmentally friendly active inhibitors is in progress [18, 22-24]. However, despite intensive research 

efforts, to date, the alternative active inhibitors identified are not as effective, nor as versatile as chromate 

salts. This has raised an obstacle for the replacement of chromate with alternative inhibitors, particularly in 

demanding applications such as aerospace and coil coated strip steel [11, 24, 25].  

Promising potential alternatives for chromate containing pigments include phosphate containing pigments 

[10, 26-29]. It is expected that these materials provide protection for the through-penetrative defects of the 

coatings as well as the cut edges by leaching from coatings and interacting with the metallic substrate to 

form effective protective layers, in comparable manner to chromate salts. However, in an analogy to the 

chromate containing pigments, not only should the inhibition mechanism be effective, but the leaching 

(solubility, release and transport) of the inhibitive species to the defective areas also needs to be sufficient in 

order to form the protective layer and maintain the protective film over the designated service life of the 

component. 

Zinc phosphate was among the first generation of phosphate containing pigments. However, the low 

solubility of zinc phosphate is considered a reason for its relatively poor corrosion inhibition [26-28, 30-32]. 

Physical and chemical modifications of zinc phosphate have been performed to increase both its nominal 

solubility and phosphate content. This has led to the development of multiple generations of phosphate-

containing pigments such as zinc aluminium phosphate, zinc aluminium polyphosphate and strontium 

aluminium polyphosphate (SAPH). These generally have a higher solubility and phosphate content when 
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compared with zinc phosphate [10, 32-35]. This leads to the release of greater concentrations of phosphate 

species into the aqueous environment. However, when these pigments are incorporated into a polymeric 

matrix, the release and transport of the inhibitive species are affected by interaction between the polymeric 

binder and the pigment, as well as the microstructure of the coating layer (i.e. the presence of cavities, pores, 

polymer free volume and particularly the spatial distribution of different pigments and other fillers). These 

factors may prevent the supply of sufficient inhibitive species to suppress the corrosion process [9, 11, 13, 

36-46]. Therefore, it is important to appreciate the influence of the pigment/ polymeric binder interaction and 

the resulting microstructure on the release and transport kinetics of the inhibitive species. 

The overall aim of this research is to better understand the influence of the inhibitor pigment volume 

concentration (PVC) on the microstructure of coatings and the transport of different species through the 

organic coating, in order to identify transport paths for the release of the inhibitive species into the 

environment. In recent work [36], we identified the percolation threshold (Pc) as a critical value for inhibitor 

PVC to be considered during formulation. In this study further research has been undertaken to verify the 

effect of the percolation threshold on the leachate concentration and the barrier properties of the coatings. 

Leaching rate and electrochemical impedance spectroscopy (EIS) measurements have been performed as a 

function of the inhibitor PVC. The effect of coating thickness on the leaching rate was also investigated. 

Furthermore, the microstructure of the unexposed and exposed coatings were characterised by scanning 

electron microscopy (SEM). Finally, energy dispersive X-ray spectroscopy (EDS) was used to investigate the 

influence of the inhibitor PVC on the transport of ions from the environment through the coating towards the 

metallic substrate.  

2. Experimental 

2.1. Materials and specimens preparation 

Corrosion protective coatings (primer coatings) with different volume concentrations of active inhibitor 

pigments were formulated, and applied to flat substrates of Galfan (Zn-5%Al) hot-dip coated steel, a widely 

used material in the coil coating industry. The polymeric binder is composed of two parts: a polyester 

(Dynapl LH 820-16/ 55%) and a blocked aliphatic polyisocyanate (Tolonate D2). The inorganic pigments 

were strontium aluminium polyphosphate hydrate (SAPH - the active inhibitor pigment) and silica (Aerosil 

200) as a rheology modifier. The SAPH pigment has an average particle size, average density and oil 

absorption of 2.0-3.5 µm, 2.9 g.cm-3 and 40 
୥

ଵ଴଴୥
, respectively. It is reported [36] that SAPH comprises 

different components of varying chemical compositions, which may be broadly categorized into three 

groups: 1-strontium-rich, 2-phosphorus-rich and 3-aluminium-rich. The average of the elemental 

concentrations of SAPH pigments is presented in Table 1. Silica was added to all the formulations in this 

study at a constant volume concentration, approximately equal to 0.42%, whereas coatings with different 

volume concentrations of SAPH pigment were prepared. The target volume concentrations of SAPH pigment 

in the formulated coatings were 5%, 10%, 15%, 20%, 25% and 30%. In order to keep the non-volatile 
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volume fractions within the liquid phase constant (approximately equal to 0.4), sufficient amounts of dibasic 

ester solvent were also added. 

Table 1. An estimate of elemental concentrations of SAPH pigments. The values are averaged between five 

different sites. Each site is the average of the elemental compositions of 200 EDS points obtained at 30 kV 

electron beam accelerating voltage while the distances between the neighbouring EDS points were 7 µm. 

O Sr Al P C 
Trace amounts of 
F, Na, Mg, Si, S, 

Cl, Ca and Zn 

SAPH elemental 

analysis (Weight%) 
44.1 ± 1.3 21.1 ± 1.5 6.0 ± 0.2 18.6 ± 0.2 9.1 ± 0.1 Remainder 

 

Coatings were prepared by milling and comminution with a dual axes centrifuge (Speedmixer DAC150). The 

target weights of inorganic particles were added to the required amount of the first part of the polymeric 

binder in a disposable plastic cup. Zirconia beads were then added to assist in the milling and comminution 

process that was carried out for 5 minutes at 2400 rpm. Thereafter, the second part of the polymeric binder 

and the dibasic ester solvent were added, and further mixing was performed for 3 minutes at 1600 rpm. The 

fineness of the inorganic particles was checked by a Hegman gauge. If the fineness exceeded 10 µm, further 

milling was performed at 2400 rpm. 

Table 2. The nomenclatures refer to the coated substrates in this paper, the thickness of the coatings and the 

target volume concentration of the SAPH pigments in the formulated coatings.  

Nomenclature of the 

coated substrates 

Thickness of the  cured 

coating (µm) 

Target PVC of the 

SAPH pigments (%) 

A-SP10 6.5 ± 1.5 10 

A-SP20 6.8 ± 1.0 20 

B-SP05 12.6 ± 1.1 5 

B-SP10 12.6 ± 1.5 10 

B-SP15 13.3 ± 1.2 15 

B-SP20 13.0 ± 1.3 20 

B-SP25 12.7 ± 1.1 25 

B-SP30 12.9 ± 1.3 30 

C-SP10 23.6 ± 1.3 10 

C-SP20 23.0 ± 1.2 20 

 

Wire wound K-bar applicators were used to deposit wet films of nominally 20 µm, 40 µm and 80 µm 

thicknesses. These were applied onto standard Galfan (95%Zn-5%Al) coated steel substrates with a chrome-
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free pretreatment containing Mn, Ti, P, F and Si at a thickness around 50 nm. The thicknesses of Galfan 

layer and steel substrate were approximately 19±4 µm and 430±10 µm respectively. Prior to the coating 

application, the metal surface was degreased with acetone and dried in cool air. The coated panels were 

cured immediately by placing them in an air circulating oven at 300oC for 60 seconds.  The thickness of the 

cured coatings was measured with scanning electron microscopy (SEM) from the cross sections of the coated 

substrates. 

A guillotine was employed to cut the prepared panels from the coating side towards the metallic substrate to 

sizes suitable for electrochemical measurements (2 cm × 2 cm) and leaching (6 cm × 7 cm) studies. Prior to 

immersion in electrolyte the backs and edges of the specimens used for exposure and leaching measurements 

were covered with a waterproof masking tape purchased from Greentree (Verton Ltd). The backs and edges 

of the specimens used for the electrochemical measurements were covered with a mixture of beeswax and 

colophony (3:1 weight ratio) leaving 1 cm2 area of the surface of the coated substrates exposed to the 

electrolyte. 

2.2. Procedures and techniques 

The exposure test, EIS and leaching measurements were performed in 0.86 M (5 wt%) NaCl solution. During 

the measurements the beakers were kept in a water bath to maintain the temperature of the solution at 30oC. 

The electrolyte was prepared using analytical reagent grade > 99.9% sodium chloride and deionized water 

(15 MΩ.cm). Specimens of B-SP05 and B-SP30 systems were also exposed to 0.86 M KCl solution up to 44 

days for ion mobility studies. The KCl solution was prepared in likewise manner, i.e. with analytical reagent 

grade > 99.0% potassium chloride and deionized water (15 MΩ.cm).  

The specimens for inhibitor leaching were placed at the base of 2 litre beakers containing 250 ml electrolyte. 

Small (2 ml) aliquots were removed at specific time intervals (6, 24 hours, 3, 7, 21 and 44 days) from the 

start of immersion and were analysed by inductively coupled plasma atomic emission spectroscopy (ICP-

AES) to measure the cumulative concentrations of P and Sr in the leachate solutions. The exposure 

specimens were also exposed in similar manner. Specimens were removed from the solution after different 

immersion times up to 44 days, rinsed with deionized water, dried with cool air and then kept in desiccators 

filled with silica gel before any further sample preparation and characterization.  

The barrier properties of the coating layers were characterized with electrochemical impedance spectroscopy 

(EIS). These were performed in a three-electrode cell with a platinum counter electrode, a saturated calomel 

reference electrode (SCE) and a specimen prepared from the coated substrates as the working electrode. The 

measurements were performed for up to 42 days immersion using a Gamry potentiostat (reference 600) using 

10 mV perturbation potential versus the open circuit potential (OCP) over 105-100 Hz frequency range. Three 

replicates of each of the coated substrates were measured. The impedance data were analysed and simulated 

with suitable equivalent electrical circuit using ZView 2 software. The microstructure of the unexposed and 

exposed coatings was characterized using scanning electron microscopy (SEM). A Ziess Ultra 55 field 

emission gun (FEG) SEM and a Ziess EVO50 SEM both equipped with EDS detectors were employed for 
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this study. The cross sections of the coated substrates were prepared with the traditional grinding and 

polishing method. A detailed description is given elsewhere [36]. 

3. Results and discussion 

3.1. Microstructural characterization of the coatings 

3.1.1. Characterization of unexposed coatings 

Scanning electron microscopy using different accelerating voltages (resulting in different analytical depths) 

was employed to characterize the microstructure of the unexposed and exposed coatings. Secondary electron 

(SE) imaging using low accelerating voltage, which is more surface sensitive, revealed protrusions on the top 

surfaces of coatings, and increasing the PVC results in the formation of rougher surfaces (Figure 1). This 

indicates that the protrusions formed due to the presence of SAPH pigment(s), which are breaking through 

the surface. On the other hand, SE images indicate that the polymeric matrix visible at the surface is 

continuous over the protrusions. However, backscattered electron (BSE) images revealed regions of different 

contrast on the top of, or adjacent to, the protrusions and asperities (Figure 2 (b)). These could be an 

indication of discontinuities and/or a thinner layer of polymeric matrix on those regions (i.e. thinner “skin 

layer”), both of which could increase the leaching kinetics of the species released from the inhibitor 

pigments. Figure 3 shows variations in surface morphology induced by an increase in the thickness of the 

coating. It is evident, at constant PVC (10% or 20%), an increase in coating thickness lowers the degree of 

roughness on the surfaces of the coatings. Since protrusions are associated with the discontinuities on the 

surface, a smoother surface suggests a lower number of surface defects and/or the presence of a thicker skin 

layer; both of which could potentially lead to lower leaching rates from the top surface of thicker coatings. 

Different SAPH pigment particles are evident from scanning electron images (Figure 4 and Figure 5). Bright 

particles are strontium-rich while darker ones are phosphorus- and aluminium-rich particles [36]. The SAPH 

pigments appear to be distributed randomly within the unexposed coatings, as illustrated in Figure 4, Figure 

5 (a) and Figure 5 (d). However, increasing the SAPH PVC led to a reduction in the distances between 

neighbouring particles, i.e. the formation of more packed systems. Furthermore, the increase in PVC resulted 

in an increase in the population and size of interconnected SAPH pigment clusters. Relatively large clusters 

are observed when the PVC of the SAPH pigments is ≥ 20%, and Figure 4 illustrates that these large clusters 

can in fact span the entire thickness of the coating when the SAPH PVC is ≥ 20%. 
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Figure 1. Secondary electron (SE) images taken at 500 V accelerating voltage from the top surfaces of 

unexposed coted metal substrates: (a) B-SP05; (b) B-SP15; (c) B-SP25 and (d) B-SP30. 

 

Figure 2. (a) Secondary electron and (b) backscattered electron images taken at 500 V accelerating voltage 

from the same position of the top surface of unexposed B-SP30. 
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Figure 3. Secondary electron images taken at 500 V from the top surfaces of unexposed systems: (a) A-SP10, 

(b) B-SP10, (c) C-SP10, (d) A-SP20, (e) B-SP20 and (f) C-SP20. 
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Figure 4. Backscattered electron images obtained from cross sections of unexposed coated substrates at 3 kV 

accelerating voltage. The ovals indicate areas where connected SAPH clusters could be found that span the 

entire thickness of the coating. Dotted lines follow the connected particles. 

3.1.2. Characterization of exposed coatings 

Exposure of the coated substrates to 0.86 M NaCl solution resulted in the formation of cavity and crack-like 

features on the surface (Figure 6), with the majority of these appearing on the top of, or adjacent to, 

protrusions (corresponding to the observed discontinuities on unexposed coatings). Notably, the frequency of 

these features can be correlated with the initial inhibitor PVC. However, no correlation could be established 

between the appearance of cavity- and crack-like features on the coatings’ surface and exposure time. It is 

therefore believed that direct contact between the environment and SAPH pigments was established at 

discontinuities in the coating found at or near the protrusion locations, leading to relatively rapid dissolution 

and removal of the SAPH particles at the loci of the discontinuities. 
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Figure 5. Backscattered electron images taken from the top surfaces of the unexposed and exposed coated 

substrates at 30 kV accelerating voltage; (a) unexposed B-SP10, (b) B-SP10, which was exposed for 3 days, 

(c) B-SP10, which was exposed for 44 days (d) unexposed B-SP30, (e) B-SP30, which was exposed for 3 

days and (f) B-SP30, which was exposed for 44 days. Ovals indicate voids and cavities that are formed after 

the exposure due to the dissolution and removal of SAPH pigment particles. 
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A higher accelerating voltage (30 kV) was employed to observe the microstructure of exposed specimens 

from increased depths of up to 2-3 µm below the surface. As is evident in Figure 5, exposure of the coated 

substrates to the aggressive environment resulted in the formation of voids within the coatings (i.e. the 

formation of a porous structure) due to the dissolution and removal of the SAPH particles [36].  Figure 5 also 

shows that unlike the appearance of surface cracks, the population and the frequency of these voids appear to 

be a function of both the initial SAPH PVC and exposure time. Therefore, it can be said that increasing the 

SAPH PVC results in the formation of higher number of voids within the coating. These voids can then be 

filled with electrolyte and provide easy transport paths for the leaching (egress) of inhibitive species as well 

as for the ingress of aggressive species from the environment. Nonetheless, as shown in Figure 5 (c) and (f), 

relatively high concentrations of SAPH pigments remain within the coatings after 44 days of immersion, and 

even in the case of very high PVC. 

 

Figure 6. Secondary electron images taken at 500 V from the top surfaces of the coated substrates: (a) B-

SP30 and (b) B-SP10, which were exposed to 0.86 M NaCl for 44 days. Arrows indicate the cavity and 

crack-like features remaining on the surface of the coatings after exposure. 

3.2. Leaching measurements 

3.2.1. Effect of inhibitor PVC variation 

Cumulative release profile of phosphate and strontium from the top surfaces of the coated substrates into the 

leachate solutions are illustrated in Figure 7. The cumulative concentrations of these species can be used as a 

proxy measurement of the inhibitor leaching kinetics and thus to calculate the fractions (%) that are released 

into the leaching solutions (Figure 8) according to Equation 1. 

Equation 1. F =  
୫

୑୔୚஡
 × 100  

Where  

F: Fraction of element (P or Sr) (%) released per unit area of the coated substrate during exposure 

m: Cumulative concentration of the element (P or Sr) released per cm2 of the substrate 
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ρ: Density of SAPH pigment = 2.9 g.cm-3 

V: Volume of coating (cm3) per unit area of the substrate (cm2) 

P: SAPH pigment volume concentration (%) ×  
ଵ

ଵ଴଴
 

M: Weight concentration of element (P ≅  18.6 ± 0.2 % or Sr ≅  21.1 ± 1.5 %) within the SAPH pigments 

(%) ×  
ଵ

ଵ଴଴
  

It is evident from Figure 7 and Figure 8 that strontium and phosphorus have different leaching rates. The 

concentrations of Sr released are significantly higher than the released concentration of P irrespective of the 

initial SAPH PVC. The higher release rates of Sr (compared with P) are attributed to (a) a cationic exchange 

processes replacing, for example, Na+ or K+ from the environment with Sr2+, and (b) the higher dissolution 

rates of the Sr-rich fraction of the SAPH conglomerate pigment particles [36]. 

An increase in the initial volume concentration of the SAPH pigments in the coating results in an increase in 

concentration of both P and Sr released. However, this is not a linear relationship since relatively higher 

fractions of Sr and P were leached from the coatings with higher inhibitor PVC. This indicates that leaching 

is not only affected by the inhibitor PVC but is also influenced by the microstructural variations within the 

coating. It is proposed that the formation of clusters of connected SAPH particles has a significant influence 

on the amount leached. As is evident in Figure 7 and Figure 8, the cumulative concentrations of Sr and P in 

the leachate solutions do not significantly increase after 21 days of immersion for coating containing 

inhibitor PVC ≤ 15%. This is despite the relatively high amount of inhibitor pigment remaining within the 

coating after 44 days of immersion (Figure 5 (c)). On the other hand, relatively higher leach rates are 

observed after 21 days of immersion where the inhibitor PVC ≥ 20%. In other words, the leaching process 

can continue at higher rates and for longer periods of time if the coating inhibitor PVC ≥ 20%. As a result, 

the difference between the cumulative concentrations of P and Sr released from the coatings with inhibitor 

PVC ≤ 15% and from coatings with inhibitor PVC ≥ 20% become more noticeable with increasing 

immersion time (Figure 7). This phenomenon is attributed to the formation of large clusters of connected 

inhibitor particles within the coating where the inhibitor PVC ≥ 20%.  

In order to better understand the likelihood of such large cluster formation, it is informative to consider 

percolation theory. When two phases (e.g. phase A and phase B) are mixed to form a three dimensional 

continuum by a random distribution of phase B (i.e. the inhibitor) within phase A (i.e. the matrix), 

percolation theory suggests that the probability of a space within the three dimensional continuum (i.e. 

coating) being occupied with phase B depends on the volume fraction of phase B (i.e. the PVC). It is shown 

that at a critical probability (i.e. critical volume fraction), an extended network/cluster of phase B forms, 

which completely penetrates the three dimensional continuum, and has dimensions comparable to the 

dimensions of the system. This critical volume fraction (i.e. probability) is known as the percolation 

threshold (Pc). The percolation threshold for random distribution of solid uniform spherical particles is 
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approximately 0.16 [47, 48]. However, any variation from the aforementioned ideal conditions may shift the 

Pc to lower or higher values. 

SAPH pigments are neither uniform in size nor shape [36], and this situation tends to result in an increase in 

the percolation threshold. The observation of extended cluster(s) of connected SAPH pigments covering the 

entire coating thickness at inhibitor PVC ≥ 20% (Figure 4) indicates that the Pc for the SAPH pigments is 

likely to be slightly lower than this value. Therefore, it is presumed that the Pc for this system is between 

0.16-0.20, and when the inhibitor PVC ≥ 20%, large clusters of connected SAPH particles span the coating 

thickness. Hence, upon dissolution and removal of a single particle belonging to a connected cluster, a cavity 

forms that is connected to neighbouring particle. These cavities are open to the external environment and, 

hence, become filled with electrolyte, facilitating the dissolution and release of inhibitive species from the 

next connected neighbouring particle. In addition the electrolyte-filled cavities provide easy transport paths 

for released species. This process continues until the large cluster of connected SAPH particles becomes 

exhausted of inhibitive species. In contrast, when the inhibitor PVC ≤ 15%, clusters of connected SAPH 

pigments are not large enough to span the coating thickness and the regions between smaller clusters are 

filled with the polymeric binder. The polymeric barrier limits the dissolution, release and transport of the 

inhibitive species from the neighbouring clusters of the SAPH particles and, hence, lowers the leaching 

kinetics and leachate concentrations.  

 

Figure 7. Cumulative release of (a) strontium and (b) phosphorus per unit area of the coated substrates (B-
SPxx set) as a function of initial SAPH pigment volume concentration for different periods of time. The error 
bars are less than the marker size (not all the aliquots removed from the leachate solution of B-SP25 were 
sent for ICP-AES analysis. Only the samples removed after 21 and 44 days were analysed). 
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Figure 8. Fractions (%) of: (a) strontium and (b) phosphorous that released per cm2 of the coated substrates 
of B-SPxx set (not all the aliquots removed from the leachate solution of B-SP25 were sent for ICP-AES 
analysis. Only the samples removed after 21 and 44 days were analysed). 

3.2.2. Effect of thickness variation 

Figure 9 shows the effect of thickness variation on the cumulative concentrations of strontium in the leachate 

solutions. Note that the trends for phosphorus (not shown) were comparable at lower concentrations. It is 

evident that irrespective of the initial concentrations of the SAPH pigments, thinner coatings released greater 

amounts of strontium during the first few days after the start of immersion. This is attributed to a higher 

number of surface defects and discontinuities on the surface of the thinner coatings, which allow direct 

contact of the inhibitor pigment with the environment. Moreover, this observation confirms the influence of 

direct contact of the inhibitor pigments with the environment on the kinetics of the early stages of the 

leaching process, although it is, of course, also dependent on the solubility and release rate(s) of the 

inhibitive species. Thus, in this case P and Sr showed similar leaching kinetics but at different rates. 

On the other hand, after prolonged immersion times, different behaviours are observed depending on the 

initial volume concentration of the SAPH pigments. Thus, at 10% PVC, the cumulative concentration of 

strontium released from a thinner coating was greater than that released from a thicker coating over the entire 

period of immersion (44 days), Figure 9. This might appear counter-intuitive since the mass of the SAPH 

pigments per cm2 of the surface of the thicker coating is approximately double that in the thinner coating. 

However, at an inhibitor PVC of 10%, large clusters of connected SAPH pigments that span the coating 

thickness are not yet formed. Therefore, any species released from the inhibitor pigments not in direct 

contact with the environment via surface defects, needs to be transported through the polymeric binder phase 

in order to leach out. Therefore, it is suggested that release and transport through the polymeric binder is the 

limiting factor that has halted the release of Sr from the coatings with 10% SAPH PVC at prolonged 

immersion times. Moreover, a large number of surface-breaking particles within the thinner coating has led 

to the release of higher initial concentrations of Sr into the leachate solution from the start of immersion. 
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This suggests that incorporation of inhibitor pigments within the polymeric binder does not by itself provide 

a readily available reservoir for the leaching of the inhibitive species but that direct contacts between 

inhibitor pigments and with the external environment is necessary for leaching process. If clusters of 

connected inhibitor pigments are effectively encapsulated with a defect-free layer of the polymeric binder, 

then the leaching process is severely restricted.  

 

Figure 9. Comparison of the cumulative concentrations of Sr released from coatings of different thicknesses 

but similar volume concentrations of SAPH pigments; (a) SAPH PVC ≅ 10% and (b) SAPH PVC  ≅ 20%. 

The inset of (b) shows the results for the repeat of measurements for coatings with 20% SAPH PVC. 

In contrast, the cumulative concentrations of strontium released from coatings with 20% volume 

concentration of the SAPH pigments do not plateau after 44 days of immersion, although the leaching rates 

gradually reduce with time. After 44 days of immersion, the cumulative concentrations of strontium released 

from the thinner and the thicker coatings are comparable to each other. This is attributed to the formation of 

large clusters of connected SAPH particles for the systems with inhibitor PVC ≥ 20% that span the entire 

coating thickness. As discussed in the previous section, when the inhibitor PVC ≥ 20%, large clusters of 

connected SAPH particles exist within the coating. Therefore, thicker coating can provide larger reservoirs 

of leachable materials via connected clusters without being restricted by transport in the polymeric matrix. 

For thinner coating the readily available reservoir is smaller and gets exhausted and depleted of inhibitor 

more rapidly. This confirms that when the inhibitor PVC is above the percolation threshold, large clusters of 

connected active inhibitor pigments with a critical size form within the coating layer. 

The described leaching measurements from the coating top surface as functions of thickness and inhibitor 

PVC have enabled us to develop a general model for leaching processes that is also applicable to the 

leaching from cross-sections (i.e. leaching from through-thickness penetrative defects and leaching from cut 

edges). In this model diffusion through the polymeric binder is negligible. The organic coating mainly acts as 

a reservoir for inhibitor pigments and acts as a barrier to impede the corrosion process. Leaching can only 

start when the inhibitor particles are in direct contact with the environment via defects and discontinuities 
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that allow dissolution and release of the inhibitive species, which may result in the formation of passive layer 

on the metal surface at the defect. When an inhibitor particle is in direct contact with the environment via a 

defect/ discontinuity, and it belongs to a cluster of connected inhibitor particles, the dissolution and removal 

of that particle results in the formation of a cavity. This cavity will also be in direct contact with 

neighbouring particles. Therefore, the cavity forms a passage that facilitates the dissolution and transport of 

the inhibitive species from the neighbouring particle into the leachate solution, and leaching can continue 

until the cluster becomes depleted. Therefore, in the early stages of leaching, all species are released from 

those pigments that are in direct contact with the environment, whereas after prolonged exposure inhibitive 

species will only release and leach out from inhibitor particles that are connected to the networks of 

connected voids and cavities formed due to the removal of inhibitor pigments. Figure 10 shows a simplified 

schematic diagram illustrating the leaching model for coatings with two different volume concentrations of 

inhibitor pigments; above and below the percolation threshold. In the case of a coating with inhibitor PVC ≥ 

Pc the leaching process can continue even after “t4” since a cluster of connected inhibitor pigments has not 

yet been completely depleted of inhibitor pigments. However, the leaching kinetics at these stages depend on 

the transport phenomena in the complex structure of connected voids and cavities. On the other hand, the 

leaching stops at “t4” for coatings with inhibitor PVC < Pc since the clusters of connected inhibitor pigments 

which are in direct contact with the environment become depleted of inhibitor pigments at an earlier stage. 

Of course, leaching may re-commence if additional defects are generated due to degradation of the 

polymeric matrix, or due to further service damage that directly connects individual particles or clusters of 

connected particles to the environment.  
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Figure 10. Simplified schematic diagram illustrating the leaching process as a function of time for two 
coatings with two different inhibitor pigment volume concentrations. Left column: inhibitor PVC ≥ Pc. Right 
column: inhibitor PVC < Pc. This simplified diagram is meant to visualize the leaching process/ model only, 
and the protective film formation is just an illustration of what may happen. Also, the interactions at the 
interface of coating/ metallic substrate, variation of the local environment, the degradation of organic coating 
and formation of corrosion products over the exposure period and their influence on leaching process are not 
considered. The black dashed lines at t0 follow the clusters of connected inhibitor pigments which are in 
direct contact with the environment. Red arrows indicate leaching of inhibitive species into the defective 
areas. 
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3.3. EIS measurements 

The barrier properties of the B-SP05, B-SP10, B-SP15, B-SP20 and B-SP30 coating systems were measured 

using electrochemical impedance spectroscopy. In all cases only one time-constant was evident over the 

frequency range used to obtain the EIS data during the first few days of immersion. However, as time 

progressed a second time-constant became evident. The first time-constant at high frequencies can be 

attributed to the impedance of the coating layer. Equivalent electrical circuits with constant phase elements 

(CPE) are used to fit the data and quantify the barrier properties (resistance) of the coatings. Equivalent 

electrical circuits used for fitting of the EIS measurements, Bode plots of EIS measurements and the fitted 

spectra to the EIS measurements are available in electronic supplementary information.  

In general, the resistances of the coatings drop significantly during the first few days from the start of 

immersion, which indicates uptake of the environment and the gradual development of defects in the 

coatings. Beyond this time a more gradual decrease in resistance is observed that depends on the initial PVC 

of the SAPH pigments. The resistance decrease in coatings above the percolation threshold (B-SP20 and B-

SP30) is greater than those of the B-SP05, B-SP10 and B-SP15 systems where the PVC is less than the Pc. 

Indeed, the resistance of the B-SP05, B-SP10 and B-SP15 systems remain comparable to each other up to the 

end of measurements with a slight increase as function of the inhibitor PVC (i.e. B-SP05 < B-SP10 < B-

SP15), and are approximately an order of magnitude higher than the resistance of B-SP20, Figure 11. 

As is illustrated in Figure 11, after 14 days of immersion and up to the end of measurement, the magnitude of 

coatings resistances were: B-SP30 ≪ B-SP20 ≪ B-SP05 < B-SP10 < B-SP15. Thus, in coatings with 

inhibitor PVC greater than the percolation threshold, a substantial reduction in coating resistance is evident 

after 14 days, whereas for coatings with inhibitor PVC less than the percolation threshold the coating 

resistance remains relatively higher for longer.  
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Figure 11. Variations of the resistances of the coatings of B-SPxx set as a function of the initial SAHP PVC 
for different periods of time. The resistances for each coating system are averaged between three 
independent specimens measured at approximately similar times after the start of immersions. 

The time dependence of the coating resistance correlates with the leachate concentrations and the fractions of 

materials released from the coatings. The fractions of materials released from B-SP05, B-SP10 and B-SP15 

are not significantly different from each other, whereas the fractions of materials released from B-SP20 and 

B-SP30 are significantly higher. We attribute this to the formation of spanning networks and clusters of 

connected SAPH pigments within the coatings with SAPH PVC ≥ 20%. The variations of the coating 

resistances can be justified in a similar manner. The dissolution, release and leaching of the materials into the 

environment result in the formation of voids and cavities within the coatings that can be filled with 

electrolyte, and act as the transport paths for charge carrier species through the thickness of the coatings. 

Therefore, when networks of connected SAPH pigment exist within the coating, networks of connected 

voids and cavities are an inevitable consequence providing easy conductive paths from the environment to 

the metallic substrate.  

The data presented indicate that an increase in the inhibitor PVC varies the transport properties through the 

bulk of coatings, which becomes more noticeable when the inhibitor PVC is above the Pc. On the other hand, 

as long as the inhibitor PVC is lower than the Pc, the barrier properties of the coatings are comparable and 

the transport of aggressive species such as Cl- and Na+ from the environment towards the metallic substrate 

are likely to be similarly restricted.  

3.4. Potassium transport through the coatings 

Specimens of B-SP05 and B-SP30 systems were immersed in 0.86 M KCl solution to investigate the 

transport of potassium ions as a function of inhibitor PVC. The characteristic X-ray line of potassium Kα 

obtained from the (apparently) intact regions of the polymeric binder of B-SP05 coating that was immersed 

for 44 days are barely above the noise level of the background of the EDS spectra (e.g. spectra 5 and 6 of 

Figure 12). This indicates low concentrations of potassium have penetrated these regions of the polymeric 

binder (i.e. transport of potassium through the binder itself is negligible). 

As discussed in section 3.2.1, the SAPH pigments have cationic exchange properties therefore substitution of 

Sr2+ with K+ will result in an increase in the concentration of K+ within the pigment particles. For the B-SP05 

system that was exposed for 44 days, the increase in potassium concentration is evident only for those 

particles that are just below the surface (i.e. just below the coating/environment interface), e.g. spectra 1 and 

2 of Figure 12, whereas the concentration of potassium within the particles that are further away from the 

surface is not in the detectable range of EDS (e.g. spectra 3 and 4 of Figure 12). This confirms that there is 

negligible transport of K+ through the polymeric matrix. In contrast, relatively high concentrations of 

potassium were detected through the entire thickness of the B-SP30 coating after only 21 days of immersion, 

Figure 13 (a). This indicates that potassium ions can be transported via facile conductive paths formed by 

extended networks of connected SAPH pigments. 
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Figure 12. (a) BSE image obtained at 20 kV accelerating voltage from the cross section of B-SP05 system 

exposed for 44 days in 0.86 M KCl solution. (1), (2), (3), (4), (5) and (6) are the EDS spectra obtained from 

1, 2, 3, 4, 5 and 6 EDS points, respectively, indicated by the crosses on image (a).  

The EDS data is consistent with the EIS and leaching measurements, and shows that increasing the SAPH 

PVC not only introduces defects and discontinuities on the surface but also varies the transport properties 

through the bulk of the coatings. These variations increase the leaching rates, the leachate concentrations and 

enhance the ingress of aggressive species from the environment towards the metallic substrate, especially 

when the inhibitor PVC is above the percolation threshold. 
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Figure 13. (a) and (b) BSE images obtained at 20 kV accelerating voltage from the cross sections of B-SP30 

system exposed in 0.86 M KCl solution for 21 and 44 days respectively. (1), (2), (3) and (4) are the EDS 

spectra obtained from 1, 2, 3 and 4 EDS points, respectively, indicated by the crosses on images. 

In summary, the evidence presented in this report suggests that when inhibitor pigments are encapsulated 

within a defect-free, intact polymeric matrix, significant leaching does not take place and, basically, organic 

coating acts as a reservoir for inhibitive species. As a corollary, leaching only takes place when a defect/ 

discontinuity exists that allows direct contact between the environment and inhibitor pigments. When 

leaching starts from a cluster of connected inhibitor pigments, it will continue until the cluster becomes 

exhausted of these species. The removal of the connected inhibitor particles results in the formation of 

networks of connected voids that act as easy transport paths which facilitate the dissolution, release and 

transport of further inhibitive species from inhibitor particles now connected directly via these voids to the 

environment. As suggested by Hughes et al. [38], the early stages of the leaching process are controlled by 

the dissolution and solubility rates of the inhibitor pigments that are in direct contact with environment, 

whereas the leaching process over long exposure time is controlled by the transport of inhibitive species 

through the networks of voids and cavities which remain after dissolution of inhibitor pigments.  

A continuous supply of the inhibitor over the service life of the component, required for long life, is highly 

dependent on the dissolution, release and transport rates of the species released from the inhibitor pigments. 

For instance, in B-SP30, which is above the percolation threshold, and clusters of SAPH pigments exist that 

span the coating thickness allowing a continuous supply of strontium and phosphorus into the environment. 

However, after 44 days of immersion approximately 89% of Sr is released into the environment while only 

15% of the phosphorus content of the coating layer is released. Thus, coatings with higher PVC may become 
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depleted earlier than expected and, hence, may not be able to supply inhibitive species over the intended 

service lifetime of the coating. Therefore, the PVC of the inhibitor pigments should be selected with respect 

to the inhibitor efficiency, dissolution, release and transport rates as well as the percolation threshold. When 

an inhibitor pigment has high solubility and release rates, the volume concentration of the inhibitor pigments 

should not be significantly above the percolation threshold to avoid fast depletion of the primer layer from 

that species. On the other hand, when the inhibitor has low solubility and release rates, having the 

concentration of the inhibitor pigments significantly above the percolation threshold results in higher 

leachate concentrations and provides the required transport path for the leaching of higher concentrations of 

inhibitive species, whereas the low solubility and release rates prevent the fast depletion of the primer from 

the inhibitive species. However, as EIS and EDS measurements reveal, when the inhibitor PVC is above the 

percolation threshold it allows higher ingress of the aggressive species into the primer layer as well. This 

indicates that an inhibitor PVC, which corresponds to an inhibitor cluster size, should be selected that 

balances the leaching of inhibitive species with the ingress of the aggressive species in a way that minimizes 

the detrimental effect of the ingress of the aggressive species whilst supplying sufficient concentration of 

inhibitive species for the formation and maintenance of the protective film over the designed service life of 

the component. 

4. Conclusions 

The coatings microstructure, the leaching behaviour and the barrier properties have been investigated as 

functions of inhibitor PVC and the thickness of the coatings in order to establish the relationship between the 

microstructure and the leaching mechanisms, and to identify the dominant transport paths for the leaching of 

inhibitive species. 

An increase in inhibitor PVC leads to a proportionately higher increase in the leaching rate, which results in 

faster depletion of the inhibitor pigments from the coatings with higher inhibitor PVC. This is attributed to 

the difference in spatial distribution of the inhibitor pigments since the increase in inhibitor PVC leads to the 

formation of clusters of connected inhibitor pigments. Consequently, the percolation threshold (Pc) is 

considered a critical value for inhibitor pigment volume concentration which significantly influences the 

total leaching at prolonged exposure times.  In order for the leaching process to start, the inhibitor pigments 

should be in direct contact with the environment via defects and discontinuities in the polymeric matrix (i.e. 

“skin layer”). If the inhibitors are encapsulated with a continuous and defect-free layer of polymeric binder, 

then leaching rate is negligible. The dominant transport paths for the leaching of inhibitive species are 

through the voids and cavities formed initially or left behind after the dissolution of inhibitor pigments. 

Based on the leaching data and microstructural characterization, a model for the leaching of inhibitive 

species has been proposed. 

Furthermore, EIS measurements corroborate this model, by showing that the barrier properties of coatings 

increase with the increase in the inhibitor PVC as long as inhibitor PVC is kept below the Pc. In contrast, 

when inhibitor PVC is above the Pc, a significant reduction of the barrier properties is observed, which is 
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attributed to the formation of large clusters of inhibitor pigments that span the entire coating thickness. These 

spanning cluster form low resistance pathways due to the dissolution of inhibitor pigments, which allow 

egress and ingress of species through the coating. This is consistent with the observation that transport of K+ 

from the environment through the polymeric binder is negligible, whereas relatively high concentrations of 

K+
 are detected adjacent to the metallic substrates when the large spanning clusters of inhibitor pigments are 

present within the coating.   
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