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1. Introduction  

Well-known the electrochemical nature of most processes of corrosion, the technology of 

anticorrosive coatings is oriented in the direction of making products that control the 

development of electrode reactions and that generate the isolating of metal surface by 

applying films with very low permeability and high adhesion (Sorensen et al., 2011).  

The zinc-rich coatings and those modified with extenders and/or metal corrosion inhibitors 

display higher efficiency than other coatings. A problem that presents this type of primers is 

the extremely reactive characteristic of metallic zinc; consequently, the manufacturers 

formulate these coatings in two packages, which imply that the zinc must be incorporated to 

the vehicle in previous form to coating application (Jianjun et al., 2008 & Lei-lei & De-liang, 

2010).  

Considering the concept of sacrificial anode (cathodic protection), coatings that consist of 

high purity zinc dust dispersed in organic and inorganic vehicles have been designed; in 

these materials, when applied in film form, there are close contacts of the particles among 

themselves and with the base or metallic substrate to be protected.   

The anodic reaction corresponds to the oxidation of zinc particles (loss of electrons) while 

the cathodic one usually involves oxygen reduction (gain of electrons) on the surface of iron 

or steel; the “pressure” of electrons released by zinc prevents or controls the oxidation of the 

metal substrate. Theoretically, the protective mechanism is similar to a continuous layer of 

zinc applied by galvanizing with some differences because the coating film initially presents 

in general a considerable porosity (Jegannathan et al., 2006).  

In immersion conditions, the time of protection depends on the zinc content in the film and 

on its dissolution rate. The mechanism is different for films exposed to the atmosphere, 

because after the cathodic protection in the first stage, the action is restricted substantially to 

a barrier effect (inhibition resistance) generated by the soluble zinc salts from corrosion by 

sealing the pores controlling access to water, water vapor and various pollutants. Due to the 
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above, it is necessary to find the appropriate formulation for each type of exposure in 

service (Hammouda et al., 2011).  

With regard to zinc corrosion products, they are basic compounds whose composition 
varies according to environmental conditions (Wenrong et al., 2009); they are generally 
soluble in water and can present amorphous or crystalline structure. In atmospheric 
exposure, zinc-based coatings that provide amorphous corrosion products are more efficient 
since these seal better the pores and therefore give a higher barrier effect (lower 
permeability). Fortunately, zinc-rich coatings of satisfactory efficiency in outdoor exposure 
display in the most cases amorphous corrosion products.  

The durability and protective ability depends, in addition to environmental factors, on the 
relationship between the permeability of the film during the first stage of exposure and the 
cathodic protection that takes place (Xiyan et al., 2010). The protection of iron and steel 
continues with available zinc in the film and effective electrical contact; therefore, 
particularly in outdoor exposure, the time of satisfactory inhibitory action may be more 
prolonged due to the polarizing effect of the corrosion products of zinc (Thorslund Pedersen 
et. al., 2009).  

A cut or scratch of the film applied on polarized panel allows again the flow of protective 

electrical current: metallic zinc is oxidized and the film is sealed again. A substantial 

difference with other types of coatings is that the corrosive phenomenon does not occur 

under the film adjacent to the cut (undercutting).  

With respect to spherical zinc, the transport of current between two adjacent particles is in 

tangential form and consequently the contact is limited. With the purpose of assuring dense 

packing and a minimum encapsulation of particles, the pigment volume concentration 

(PVC) must be as minimum in the order of the critical pigment volume concentration 

(CPVC).  

The problems previously mentioned led to study other shapes and sizes of zinc particles. 

The physical and chemical properties as well as the behaviour against the corrosion of these 

primers are remarkably affected by quoted variables and in addition, by the PVC; thus, for 

example, it is possible to mention the laminar zinc, which was intensely studied by the 

authors in other manuscripts (Giudice et al., 2009 & Pereyra et al., 2007).   

The objective of this paper was study the influence of the content and of the nature of 
reinforcement fibers as well as the type of inorganic film-forming material, the average 
diameter of spherical zinc dust and the pigment volume concentration on performance of 
environmentally friendly, inorganic coatings suitable for the protection of metal substrates. 
The formulation variables included: (i) two binders, one of them based on a laboratory-
prepared nano solution lithium silicate of 7.5/1.0 silica/alkali molar and the other one a 
pure tetraethyl silicate conformed by 99% w/w monomer with an appropriate hydrolysis 
degree; (ii) two pigments based on spherical microzinc (D 50/50 4 and 8 µm); (iii) three 
types of reinforcement fibers used to improve the electric contact between two adjacent 
spherical zinc particles (graphite and silicon nitride that behave like semiconductor, and 
quartz that is a non-conductor as reference); (iv) three levels of reinforcement fibers (1.0, 1.5 
and 2.0% w/w on coating solids) and finally, (v) six values of pigment volume 
concentration (from 57.5 to 70.0%).   
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2. Materials and methods  

2.1 Characterization of main components  

2.1.1 Film-forming materials  

Water-based nano lithium silicate of 7.5/1.0 silica/alkali molar ratio. Previous experiences with 

these solutions on glass as substrate allowed infer that as silicon dioxide content in the 

composition increases the film curing velocity also increases and that in addition the 

dissolution rate decreases.   

For this study, a commercial colloidal lithium silicate (3.5/1.0 silica/alkali molar ratio in 
solution at 25% w/w) was selected; with the aim of increasing the silica/alkali ratio, a 30% 
w/w colloidal alkaline solution of nanosilica was used (sodium oxide content, 0.32%). The 
aim was to develop a system consisting of an inorganic matrix (alkaline silicate) and a 
nanometer component (silica) evenly distributed in that matrix with the objective of 
determining its behaviour as binder for environment friendly, anticorrosive nano coatings.  

Solvent-based, partially hydrolyzed tetraethyl orthosilicate. The tetraethyl orthosilicate is 
synthesized from silicon tetrachloride and anhydrous ethyl alcohol. This product 
commercializes as condensed ethyl silicates and usually contains approximately 28% w/w 
of SiO2 and at least 90% w/w monomer. The additional purification removes waste 
products of low boiling point (mainly ethanol) and the dimmers, trimmers, etc.; in some 
cases, this treatment allows obtaining pure tetraethyl silicate conformed by 99% w/w 
monomer.   

Theoretically, the complete hydrolysis of ethyl silicate generates silica and ethyl alcohol. 

Nevertheless, the real hydrolysis never produces silica in form of SiO2 (diverse intermediate 

species of polysilicates are generated). Through a partial hydrolysis under controlled 

conditions, it is possible to obtain a stable mixture of polysilicate prepolymers. The 

stoichiometric equation allows calculating the hydrolysis degree X (Giudice et al., 2007 & 

Hoshyargar et al., 2009).  

The pure or condensed ethyl silicate does not display good properties to form a polymeric 

material of inorganic nature. In this paper, ethyl silicate was prepared with 80% hydrolysis 

degree in an acid medium since catalysis carried out in advance in alkaline media led to a 

fast formation of a gel.   

The empirical equation of ethyl silicate hydrolyzed with degree X was used to estimate the 

weight of the ethyl polysilicate and the hydrolysis degree, through the calculation of the 

necessary amount of water. The weight was obtained replacing the atomic weights in the 

mentioned empirical formula; the result indicates that it is equal to 208-148 X. 

The percentual concentration of the silicon dioxide in the ethyl polysilicate is equal to the 

relation molecular weight of SiO2 x 100 / weight of the ethyl polysilicate; consequently, 

SiO2, % = 60 x 100 / (208-148 X). On the other hand, to calculate the water amount for a 

given weight of tetraethyl orthosilicate and with the purpose of preparing a solution of a 

predetermined hydrolysis degree, the equation weight of water = 36 (100 X) / 208 was used.  

Finally, the amount of isopropyl alcohol necessary to reach the defined percentual level the 
silica content was calculated. It is possible to mention that after finishing the first hydrolysis 
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stage of tetraethyl orthosilicate that leads to the silicic acid formation, the absence of alcohol 
would generate the polycondensation of mentioned acid with silica precipitation and the 
null capacity to conform a polymeric silicic acid (Wang et al., 2009 & Yang et al., 2008).  

In a first stage, the pure tetraethyl silicate and the isopropyl alcohol were mixed under 
agitation. Later, the water and the hydrochloric acid solution selected as catalyst were added 
(the final pH of the solution was slightly acid, 0.01% w/v, expressed as hydrochloric acid); 
agitation continued until the end of the dissipation of heat (exothermic reaction).  

The conclusions from the experiences indicate that: an excessive amount of water (higher 
than calculated) generates a rapid gelling in the package, a high pH leads to a fast silica 
precipitation that reduces the capacity of formation of an inorganic polymer of elevated 
molecular weight and, in addition, a large quantity of acid retards the condensing reaction 
due to the repulsion of protonated hydroxyl groups (Giudice et al., 2007).   

2.1.2 Pigmentation  

In this study, two samples of commercial spherical zinc dust were used; the D 50/50 
average particle diameters were 4 μm (fine) and 8 μm (regular), Figure 1. The main features 
were respectively 98.1 and 98.3% of total zinc and 94.1 and 94.2% of metal zinc, which 
means 5.0 and 5.1% of zinc oxide; in addition, metal corrosion inhibitors displayed 
respectively 2282 and 1162 cm2.g-1 values of specific area (BET).   

2.1.3 Reinforcement fibers  

Nowadays reinforcement fibers are used in many materials to improve their physical and 
chemical properties (Huang et al., 2009 & Amir et al., 2010). A composite (FRP, fiber-
reinforced polymer) is formulated and manufactured with the purpose of obtaining a 
unique combination of properties; the incorporation of reinforcement fibers to coatings 
forms a hybrid structure. Fiber is defined as any material that has a minimum ratio of length 
to average transverse dimension of 10 to 1; in addition, the transverse dimension should not 
exceed 250 µm.   

In anticorrosive coating formulations with hybrid structures, the following reinforcing 
fibrous materials were used: graphite, silicon nitride and quartz. The levels selected for the 
experiment were 1.0, 1.5 and 2.0% w/w on coating solids.  

Graphite. It is an allotropic form of carbon (hexagonally crystallized). It displays black color 
with metallic brightness and it is non-magnetic; it has 2.267 g.cm-3 density at 25 °C. Usually, 
it is used as pigment in coatings to give conductive properties to the film. Graphite is 
formed by flakes or crystalline plates attached to each other, which are easily exfoliated. The 
electrons that are between layers are those that conduct electricity, and these are what give 
the quoted brightness (the light is reflected on the electron cloud) (Yoshida et al., 2009 & 
Abanilla et al., 2005). In perpendicular direction to the layers, it has a low electrical 
conductivity, which increases with the temperature (it behaves like a semiconductor); on the 
other hand, throughout the layers, the conductivity is greater and it is increased with the 
temperature, behaving like a semi-metallic conductor. In this work, graphite in fiber form 
was used with average values of 1020 μm and 82 μm for length and transverse dimension, 
respectively (Figure 2.A).   
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Fig. 1. Commercial spherical zinc dusts. D 50/50 average particle diameters: 4 μm (fine) and 
8 μm (regular). 

Silicon nitride (Si3N4). It displays three different crystal structures (┙, ┚ and ┛). It is 

industrially obtained by direct reaction between silicon and nitrogen at temperatures 

between 1300 and 1400 ºC. Silicon nitride is a material frequently used in the manufacture of 

structural ceramics with high requests of mechanical stress and wear resistance; it displays a 

moderately high modulus of elasticity and an exceptionally high tensile strength, which 

makes it attractive for its use in the form of fiber as reinforcement material for coatings 

films. It behaves like a semiconductor and it has 3.443 g.cm-3 density at 25 °C. For this 

experience, hexagonal ┚ phase in the form of fiber has been selected, with average values of 

1205 μm and 102 μm for length and transverse dimension, respectively (Figure 2.B). 

Quartz. It is rhombohedral crystalline silica reason why it is not susceptible of exfoliation; 

chemically it is silicon dioxide (SiO2). Usually it appears colorless (pure), but it can adopt 

numerous tonalities if it has impurities; its hardness is such that it can scratch the common 

steels. It is often used in coatings as extender after being crushed and classified by size 

(average diameter between 1.5 and 9.0 μm). It is an insulating material from the electrical 

point of view; it has 2.650 g.cm-3 density at 25 °C (Chen et al., 2010 & Lekka et al., 2009). In 

this experience, quartz fibers were used with average values of 1118 μm and 95 μm for 

length and transverse dimension, respectively (Figure 2.C).   

These reinforcements cannot be classified as nano materials since they no have at least one 

of the dimensions inferior to 100 nm (Aluru et al., 2003; Radhakrishnan et al., 2009; Behler et 

al., 2009 & Li & Panigrahi 2006). 
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Fig. 2. SEM micrograph of reinforcement fibers: A. Graphite, B. Silicon nitride and 

C. Quartz.  

2.1.4 Rheological agent  

Clay modified with amines in gel form was chosen, which was added to the system after 

finishing the pigment dispersion (1.0% w/w on coating).   

2.2 Pigment volume concentration   

The physical and mechanical properties of the film and its protective capacity depend on the 

shape and size of the zinc particles and in addition of the PVC. The critical value (CPVC) is 

strongly influenced by the ability of binder for wetting the pigment particles.  

In this study, PVC values ranged from 57.5 to 70.0%; the variation of two consecutive PVC 

values was 2.5% in all cases. Preliminary laboratory tests (salt spraying chamber), with 

values of PVC from 10 to 70% for all formulations, helped to define the range of PVC more 

convenient to study (Sonawane et al., 2010).  
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2.3 Manufacture of coatings  

In this paper, the manufacture of hybrid coatings was made by ultrasonic dispersion in the 

vehicle. The efficiency of the fiber dispersion in the polymeric matrix was rheological 

monitored (viscosity of the system, measured at 10-3 sec-1, decreased during the sonification 

process until reaching a stationary value); the SEM observation corroborated both the 

efficiency of fiber dispersion and its stability after 3 months in can.  

Finally, it should also be mentioned that this type of compositions is provided in two 

packages with the purpose of avoiding the reaction of metallic zinc with any vestige of 

moisture in some of the components, which would lead to the formation of gaseous 

hydrogen. In addition, the system could form a gel because of the reaction between silicic 

acids and zinc cations. Accordingly, prior to the primer application, the metallic zinc was 

dispersed for 180 seconds at 1400 rpm in high-speed disperser.   

2.4 Preparation of panels 

SAE 1010 steel panels were previously degreased with solvent in vapor phase; then they 

were sandblasted to ASa 2½ grade (SIS Specification 05 59 00/67) obtaining 25 µm 

maximum roughness Rm. The application was made in a single layer reaching a dry film 

thickness between 75 and 80 µm. In all cases, and to ensure the film curing before beginning 

the tests, the specimens were kept in controlled laboratory conditions (25±2 ºC and 65±5% 

relative humidity) for seven days.  

The study was statistically treated according to the following factorial design: 2 (type of 

binder) x 2 (average diameter of spherical microzinc particles) x 3 (type of reinforcement 

fibers) x 3 (level of reinforcement fibers) x 6 (PVC values), which make 216 combinations. In 

addition, reference primers (without reinforcement fiber) based on both binders and both 

spherical microzinc particles for the six mentioned PVC values were also considered, which 

means in total 24 reference primers. All panels were prepared in duplicate; primer 

identification is displayed in Table 1.  

2.5 Laboratory tests  

After curing process, panels of 150 x 80 x 2 mm were immersed in 0.1 M sodium chloride 

solution for 90 days at 25 °C and pH 7.0. A visual inspection was realized throughout the 

experience; in addition, the electrode potential was determined as a function of exposure time; 

two clear acrylic cylindrical tubes were fixed on each plate (results were averaged).   

The tube size was 10 cm long and 5 cm diameter, with the lower edge flattened; the 
geometric area of the cell was 20 cm2. A graphite rod axially placed into the tubes and a 
saturated calomel electrode (SCE) were selected respectively as auxiliary and reference 
electrodes. The potential was measured with a digital electrometer of high input 
impedance.  

Similar panels were tested in salt spraying (fog) chamber (1500 hours) under the operating 
conditions specified in ASTM B 117. After finishing the tests, the panels were evaluated 
according to ASTM D 1654 (Method A, in X-cut and Method B, in the rest of the surface) to 
establish the degree of rusting. 
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Film-forming 
material 

(A) Water-based nano lithium silicate of 7.5/1.0 silica/alkali molar 
ratio 

(B) Solvent-based, partially hydrolyzed tetraethyl orthosilicate 

Spherical    
microzinc 

(I) Spherical microzinc (fine), D 50/50 4 µm 

(II) Spherical microzinc (regular), D 50/50 8 µm 

Reinforcement 
fibers 

Types: (1) Without, (2) Graphite, (3) Silicon nitride (4) Quartz 

Level: (a) 1.0, (b) 1.5 and (c) 2.0% w/w on coating solids 

PVC Values: 57.5, 60.0, 62.5, 65.0, 67.5 and 70.0% 

Table 1. Primer identification. 

3. Result and discussion  

3.1 Visual observation 

Immersion test in 0.1 M sodium chloride solution allowed to observe, particularly in those 

panels with X-cut, that coatings based on nano-structured film-forming material as binder 

showed greater amount of white products from corrosion of metallic zinc than in those 

panels protected with primers made with partially hydrolyzed ethyl silicate as binder. This 

performance would be supported in the less zinc dispersion ability that displays the first 

binder, which would generate films more porous. 

On the other hand, primers that included fine zinc particles (4 µm) also showed a galvanic 

activity more important than those made from regular zinc particles (8 µm). A similar 

conclusion was reached with the primers based on microzinc/conducting reinforcement 

fibers (graphite and silicon nitride) with respect to those based just on spherical microzinc 

dusts and mixture with insulating reinforcement fiber (quartz). In turn, it was also observed 

a rise of the galvanic activity of metallic zinc when the amount of conducting fibers was 

increasing in the film.  

For the lower values of PVC studied, the incorporation of conductive reinforcing fibers in 

increasing levels led to primers with a galvanic activity also increasing (similar amount of 

white salts than in primers formulated with PVC nearest to CPVC).  

3.2 Corrosion potential  

Immediately after finishing the immersion of all coated panels in the electrolyte, the 

potential was inferior to -1.10 V, a value located in the range of protection of the electrode. It 

is worth mentioning that cathodic protection is considered finished when the corrosion 

potential of coated panel increased to more positive values (anodic ones) than -0.86 V 

(referring to SCE) since the characteristic corrosion points of the iron oxides were visually 

observed.  
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The electrode potential measurements as a function of immersion time indicates that both 
types of binders had a significant influence on the electrode potential: in general, more 
negative values were obtained with nano-structured film-forming materials, which means 
that the primers based on lithium silicate showed better cathodic protection than those 
manufactured with ethyl silicate.   

On the other hand, slight differences in electrode potential could also be attributed to the 
average diameter of zinc particles; it was observed greater galvanic activity in samples 
prepared with 4 μm than with 8 μm (values more negative of electrode potentials for the 
former than for the latter).  
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Fig. 3. Electrode potential vs. immersion time in 0.1 M sodium chloride solution at pH 7.0 

and 25 °C for primers based on 7.5/1.0 nanosilica/lithium oxide molar ratio, fine microzinc 

and graphite fibers.  
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The experimental values indicate a significant shift towards more positive values of 

potential in those primers with decreasing amounts of conducting reinforcement fibers in 

their composition (2.0, 1.5 and 1.0% w/w ratio, in that order).  

Considering the performance, the worst primers have been formulated both with microzinc 

dusts alone and mixed with insulation reinforcement fibers.  

Finally, there was observed only a slightly decreasing efficiency to the lower values of PVC 
studied with the incorporation of conductive reinforcing fibers in increasing levels.  

Figure 3 includes values of potential versus immersion time in 0.1 M sodium chloride 

solution at pH 7.0 and 25 °C for primers formulated with 57.5 and 70.0% PVC values and 

based on 7.5/1.0 nano silica/lithium oxide molar ratio as film-forming material, fine 

microzinc (D 50/50 4 µm) as pigment inhibiting and graphite as reinforcement fiber in the 

three levels studied. In addition, this figure displays the corresponding reference primers. 

There is a total correlation between conclusions of visual observation and results of the 

electrode potentials obtained during immersion in 0.1 M sodium chloride solution; 

therefore, the basis of the quantitative results of electrode potentials are the same that those 

spelled out in the visual observation.  

3.3 Degree of rusting  

The performance of panels tested during 1500 hours in salt spraying (fog) chamber (35±1 ºC; 

pH 6.5-7.2; continuous spraying of 5±1% w/w of NaCl solution) are shown in Figure 4 and 

Figure 5. They include only the average values of the tests performed in the failure in X-cut 

(Method A) and over the general area of panel (Method B).  

The results of Method A were evaluated according to the advance from the cutting area: the 

value 10 defines a failure of 0 mm while zero corresponds to 16 mm or more. Those results 

corresponding to Method B were measured taking into account the percentage of area 

corroded by the environment: the scale ranges from 10 to 0, which means respectively no 

failure and over 75% of the rusted area.  

On the other hand, Figure 6 displays one of the primer with best performance in salt 

spraying (fog) chamber for 1500 hours: A.I.2.c; applying the Method A, this primer showed 

a degree of rusting 10 (no failure, which means 0 mm of advance from the cutting area).  

To study the variables considered (main effects), a statistical interpretation was carried out. 

First, the variance was calculated and later the Fisher F test was done. 

The results indicated that type of binder, average diameter of microzinc particles, type of 

reinforcement fibers, level of reinforcement fibers and finally PVC values displayed an 

important influence on the performance of the protective coatings.  

According to results, it was considered desirable for the statistical analysis to take into 

account all values of PVC studied for allowing a certain margin of safety in the 

performance since it is possible the generation of heterogeneities in primer composition 

attributable to poor incorporation of metallic zinc and/or sedimentation in container 

before applying.  
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Fig. 4. Coatings based on binder A: Degree of rusting in salt spraying (fog) chamber; average 
values of failures in X-cut and in general area of panel.  
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Fig. 5. Coatings based on binder B: Degree of rusting in salt spraying (fog) chamber; average 
values of failures in X-cut and in general area of panel.  

  

Fig. 6. Primer A.I.2.c, performance in salt spraying (fog) chamber, Method A, degree of 
rusting: 10. 
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With the purpose of establishing the efficiency of each protective coating from an 

anticorrosive point of view, the average value of degree of rusting was calculated for areas 

with and without cutting. The results of Table 2 confirm the superior performance of water-

based nano lithium silicate of 7.5/1.0 silica/alkali molar ratio in relation to solvent-based, 

partially hydrolyzed tetraethyl orthosilicate, the major efficiency of fine microzinc compared 

to regular one and the increasing efficiency of primers as the level of conducting 

reinforcement fibers increased (Ahmed et al., 2010). On this last variable of formulation, it is 

worth mentioning that primers with 2.0% conducting reinforcement fibers showed the best 

protective capacity, which would occur due to the improved electric contact between zinc 

particles and with metallic substrate. On the other hand, the quartz used as reinforcement 

fiber due to characteristic non-conductive showed a similar performance that the 

corresponding reference primer (without reinforcement fiber). 

Nature of effect 
Type of 
effect 

Degree of rusting 

Average values of failures in X-cut and in 
general area of panel 

Type of binder 
A 
B 

7.1 
6.2 

Microzinc 
D 50/50 

I 
II 

7.0 
6.3 

Type of 
reinforcement fibers 

1 
2 
3 
4 

5.8 
7.2 
7.2 
5.8 

Level of 
reinforcement fibers 

a 
b 
c 

6.2 
6.8 
7.3 

Table 2. Average values of the simultaneous statistical treatment of all variables.  

On the other hand, Table 3 lists the average values and the standard deviations of statistical 

processing for each primer; in addition, it also displays the general average values for each 

type of reinforcement fiber taking into account both binders considered. In this table, the 

highest value also indicates the best performance in terms of the ability to control the metal 

corrosion. The analysis of the results obtained by using both types of binder displays that 

the primers based just on two spherical microzinc (reference primers) and non-conducting 

reinforcement fibers (quartz) in the three considered levels, formulated with reduced values 

of PVC, showed a sharp decline in corrosion performance. On the other hand, those that 

included conducting reinforcement fibers (graphite and silicon nitride), despite having been 

manufactured with a significantly lower level of pigmentation, maintained their efficiency. 

Corresponding standard deviation values support this conclusion. 

These results would be based on the reduced electrical contact between particles of both 

types of microzinc and the metal substrate, regardless of the corrosion products could not 

only increase the electrical resistance of the film but also could decrease the amount of 

available zinc.   
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The incorporation of conducting reinforcement fibers seems to have favored the 

conductivity, which leads to reduction of the efficient PVC, according to the abundant 

amount of zinc corrosion products visually observed, the results of the electrode potentials 

and those obtained in the salt spraying (fog) chamber. Figures 7 and 8 display the primer 

films based on binder A (water-based nano lithium silicate of 7.5/1.0 silica/alkali molar 

ratio), microzinc I (fine, 4 µm) and fiber 2 (graphite) in level c (2.0% w/w) for 57.5% and 

70.0% PVC values respectively, after finishing the accelerated aging test. The analysis of the 

cited figures reveals that despite having larger distance between the particles of microzinc in 

the case of 57.5% PVC compared with that formulated with 70.0% PVC, the galvanic activity 

in the two primers is significant in both cases (as evidenced by the amount of white zinc 

salts). In addition, results of figures show that the conductive reinforcement fibers linked 

electrically the microzinc particles each other, even in the primer of less PVC (all particles, 

despite having no direct contact between them, demonstrated activity like sacrificial 

anodes).  

 

Fig. 7. SEM micrograph of primer A.I.2.c formulated with 57.5% PVC. 

 

Fig. 8. SEM micrograph of primer A.I.2.c formulated with 70.0% PVC. 
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Primer 
Average  
values 

Standard 
deviation  
σ n-1 

General 
average 
values 

Primer 
Average  

value 

Standard 
deviation  
σ n-1 

General 
average 
value 

A.I.1 6.6 1.16 6.6 B.I.1 5.6 1.07 5.6 

A.I.2.a 6.9 0.58 

8.0 

B.I.2.a 6.2 0.94 

7.1 A.I.2.b 8.2 0.41 B.I.2.b 7.2 0.82 

A.I.2.c 8.9 0.38 B.I.2.c 8.0 0.55 

A.I.3.a 7.0 0.63 

7.9 

B.I.3.a 6.3 0.93 

7.1 A.I.3.b 8.0 0.44 B.I.3.b 7.1 0.86 

A.I.3.c 8.8 0.42 B.I.3.c 8.0 0.55 

A.I.4.a 6.4 1.20 

6.5 

B.I.4.a 5.6 0.97 

5.7 A.I.4.b 6.7 1.13 B.I.4.b 5.7 1.08 

A.I.4.c 6.4 1.28 B.I.4.c 5.8 1.17 

A.II.1 6.0 1.34 6.0 B.II.1 4.8 1.33 4.8 

A.II.2.a 6.5 0.55 

7.2 

B.II.2.a 5.8 0.93 

6.6 A.II.2.b 7.3 0.52 B.II.2.b 6.7 0.82 

A.II.2.c 7.8 0.49 B.II.2.c 7.4 0.53 

A.II.3.a 6.5 0.55 

7.3 

B.II.3.a 5.7 0.98 

6.6 A.II.3.b 7.2 0.42 B.II.3.b 6.6 0.86 

A.II.3.c 8.2 0.41 B.II.3.c 7.2 0.66 

A.II.4.a 6.1 1.28 

6.1 

B.II.4.a 4.8 1.29 

4.8 A.II.4.b 6.1 1.24 B.II.4.b 4.8 1.21 

A.II.4.c 6.1 1.16 B.II.4.c 4.9 1.24 

Table 3. Average values and standard deviation. 

4. Final considerations  

To explain the great tendency of zinc particles to corrode at the film surface of water-based 
nano lithium silicate primers as comparing with those solvent-based, partially hydrolyzed 
tetraethyl orthosilicate, it is necessary to consider that the first ones are based on binders, as 
mentioned, with a higher superficial tension. The last one implies inferior wetting, that 
means lower adhesion, penetration and spreading during metal zinc incorporation previous 
to application; consequently, they wet with more difficult the zinc particles while the second 
ones do it in a better way (more reduced interfacial tension).   

The above-mentioned characteristic explains the great porosity of zinc-rich nano lithium 
silicate films and their high cathodic protective activity as comparing with zinc-rich 
tetraethyl orthosilicate films.   

With regard to average diameter of zinc particle, size diminution increases significantly the 
surface area for a given weight. Since all surfaces have a given level of free energy, the ratio 
of surface energy to mass in small particles is so great that the particles adhered strongly 
themselves. For this reason, a lower particle size in a poor dispersion originates a greater 
flocculates (a high number of unitary particles are associated), which lead to zinc-rich 
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primer films of high porosity and because of good cathodic protective activity. Moreover, a 
lower particle size could lead to films with a higher electrical contact (better packaging 
ability); since the current density is inherent to the chemical nature of zinc dust and the 
operating conditions of the corrosion cell, the increase in specific area elevates not only the 
current of protection but also generates a better superficial distribution (more efficient 
primers). During immersion test in 0.1 M sodium chloride solution, visual inspection of 
plates protective with zinc-rich primers (both types of binders) showed a more localized 
steel attack when zinc dust of the higher particle size was used.   

Concerning incorporation of reinforcement fibers, the conductive or non-conductive 
characteristic was a very important variable. The first ones improved notably the primer 
performance since they increased the electrical contact between particles and with the 
metallic substrate, particularly in the higher levels in the formulations; the performance is 
correlated with the higher useful zinc in the film. On the other hand, non-conductive 
reinforcement fibers did not modify the primer efficiency as compared with reference panels 
(without reinforcement fibers) and for this reason their incorporation is not justified from 
technical and economical viewpoints.  

Referring to PVC values (zinc content in dry film), previous results of laboratory tests 
demonstrated that a higher amount of microzinc leads to a longer useful life of primers. 
Nevertheless, it is important to mention that the choice of zinc content must be made by 
considering the physical characteristic of the primer film required for each particular case. 
When pigment volume concentration exceeds largely the CPVC, film properties such as 
adhesion, flexibility, abrasion resistance, etc. are drastically reduced while when the 
percentual level is slight under the critical value the efficiency is also considerably 
diminished.  

In the case of primers, which have got incorporated conductive reinforcing fibers, results 

allow concluding that it is possible to reduce appreciably the PVC without affecting 

significantly the efficiency in service. In addition, it is important to mention that the quoted 

diminution of zinc content in the film is direct proportional to decrease the primer cost since 

it is the most expensive component of the composition.   
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