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n this study, nanoparticle zinc ferrites with different particle sizes were 

synthesized via sol-gel method using ferric nitrate and zinc nitrate. The 

obtained gel was dried and calcined at three different temperatures (i.e. 

500, 600 and 800 °C) for 2 h. Adequate amounts of the as-synthesized 

nanoparticle samples were then added to the mixture of polyester resin and 

formaldehyde resin. The obtained mixtures were applied on the surface of mild 

steel specimens, and then the corrosion behavior of the coated mild steel was 

studied by electrochemical impedance spectroscopy and salt spray. In addition, 

mechanical and thermal properties of the coating were evaluated using dynamic 

mechanical thermal analysis. The crystalline and chemical structures of the 

coatings were investigated using X–ray diffraction analysis and infrared 

spectroscopy, respectively. The results showed that not only the incorporation of 

nanoparticle zinc ferrites in the coating has no negative effects on curing, but 

also increased corrosion protective performance and mechanical properties of 

the coatings. Prog. Color Colorants Coat. 12 (2019), 57-70© Institute for Color 

Science and Technology. 
 

 

  

  

  

  

  

1. Introduction 

Polyester melamine paints are famous types of resin-

based thin films, which are applied to protect the 

metals surfaces. A curing process is needed to form a 

good adhesion between substrate and paint. Beautiful 

appearance, scratch–resistance, moisture proof, and 

easy repairability make polyester melamine paints a 

suitable protecting film [1]. The corrosion resistance of 

the polyester melamine paints is not as high as required 

in some applications; therefore, researchers have been 

looked for improving this characteristic [2-4]. One of 

the effective solutions seems to be the use of corrosion 

inhibitor pigments, creating a crucial protecting film 

from the organic coating compounds [5]. Chromates 

have previously been the main candidate as a corrosion 

inhibitor pigments, but the environmental restrictions 

on the use of chromium–containing compounds led to 

their replacement [6]. Phosphates are used as 

alternatives and are usually classified as non–oxidizing 

anodic inhibitors, which are effective usually only in 

the presence of oxygen [7]. However, the solubility of 

the phosphates is not adequate for corrosion inhibitor 

pigments applications, and their anticorrosion 

performance is not as high as that of chromates [8]. 

I 
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Several physical–mechanical defects such as poor 

adhesion, reduced coating flexibility, loss of impact 

resistance, inferior abrasion and scratch resistance, and 

early delamination are associated with conventional 

microsize pigments [9]. With the quest for newly 

developed anticorrosive coatings with better 

performance, application of nanoparticle pigments in a 

coating is a recent practice. These particles with a 

dimension of less than 100 nm, not only can reinforce 

the polymer matrix without disturbing the transparency 

and other properties, but also their incorporation in 

polymer matrix presents significant corrosion 

protection and reduces the formation of blistering or 

delamination [10]. Moreover, the concentration of 

nanoparticles required to achieve these modifications is 

far less as compared to the conventional microsize 

particles. Among nanopigments used in the coatings, 

zinc oxide [11-13] and iron(III) oxide [14, 15] are 

probably the most common pigments. 

Addition of extremely small concentrations of zinc 

oxide nanoparticles to an alkyd–based waterborne 

coating can improve the corrosion, scratch, and 

abrasion resistance of the coating. On the other hand, 

the curing temperature decreases with the increase in 

zinc oxide amount [16]. 

The epoxy/zinc oxide nanocomposite was prepared 

using different amounts of zinc oxide nanoparticles. 

They found that zinc oxide loading could improve the 

barrier properties, improve epoxy coating resistance 

against hydrolytic degradation, increase the glass 

transition temperature, and decrease cross–linking 

density [17]. 

The influences of iron(III) oxide nanoparticles 

addition to the alkyd based waterborne coatings was 

investigated and it was approved that the corrosion 

resistance of the coated samples improves at higher 

loading levels as 0.3 weight percent [15]. 

The researchers have not limited only to the zinc 

oxide and iron (III) oxide nanoparticles. The effects of 

halloysite clay, zinc, silica, and iron (III) oxide 

nanoparticles addition into an epoxy resin coating were 

also compared. The electrochemical monitoring of the 

coated steel samples showed that the beneficial role of 

nanoparticles in the improvement of the corrosion 

resistance was the best with iron(III) oxide and 

halloysite clay [18]. 

Recently, pigments based on ferrites combined with 

oxides of divalent metals have been prepared and 

investigated to enhance the polyester melamine paints. 

These ferrite pigments are heat resistant, inert, colored, 

and non–hazardous with fascinating magnetic and 

electromagnetic properties. These nanoparticle pigments 

have grown in popularity to the extent that is now used 

as commercial coatings [19]. On the other hand, the 

ferrites are well-known as microwave absorption 

materials [20, 21] and can be applied in this field. 

Magnetite is one of conventional electro-magnetite wave 

adsorbing materials [22] and has been utilized for ferrite 

preparation [21]. As an important member of the ferrites 

family, zinc ferrites has attracted significant research 

interest because of nontoxic nature and unique physical, 

mechanical and magnetic properties due to their 

characteristic structure [23-26]. Zinc ferrite is not among 

high-performance anticorrosive or wave adsorbing 

ceramics, but there are several studies focused on 

improving its characteristics [27-29] 

This paper intends to study the effect of 

nanoparticle zinc ferrite on glass transition 

temperature, mechanical–thermal properties and 

corrosion protective performance of polyester 

melamine coatings. For this purpose, several 

techniques such as infrared spectroscopy, dynamic 

mechanical thermal analysis, electrochemical 

impedance spectroscopy, and salt spray chamber test 

were employed. In addition, a comparison was made 

between the nanoparticle zinc ferrite and the 

conventional microsize pigments including zinc 

chromate and zinc phosphate in polyester melamine 

coating regarding glass transition temperature, 

thermal–mechanical properties and corrosion protective 

performance. 

 

2. Materials and methods 

2.1. Starting chemicals 

Low Sol–gel process was selected to synthesize 

nanoparticle zinc ferrite. In this method, a colloidal 

suspension of a liquid inorganic material (sol) 

transforms into a homogeneous liquid phase (gel). The 

synthesis was carried out according to the previous 

papers [30, 31]. 

Briefly, stoichiometric amounts of ferric nitrate 

(Fe(NO3)3.9H2O, synthetic grade, Merck), and zinc 

nitrate (Zn(NO3)2.6H2O, synthetic grade, Merck) were 

separately dissolved in ethylene glycol (Merck) with 

the mole ratio of zinc:iron = 1:2. The two solutions 

were mixed together for 1 h and the resulting solution 

was heated at 80 °C for 6 h to form a wet gel. The 
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obtained gel was dried and calcined at three different 

temperatures (500, 600 and 800 °C) for 2 h, labeling as 

nanoparticle I–, II–, and III– nanoparticle samples, 

respectively. 

The commercial zinc phosphate (ZP10, average 

particle size: 2–3.5 µm, Heubach, Langelsheim, 

Germany) and zinc chromate (average particle size: ~5 

µm, Raveshia, India) were also used as reference 

materials for comparison. The polyester and melamine 

resins (both from Rezitan Company, Iran) and the 

required solvents (including toluene, solvesso100, n–

butanol and butyl glycol, all from Merck) were used as 

the matrix and to prepare the coatings over the 

substrates, respectively. 

 

2.2. Preparation of the coatings 

A mixture of polyester resin and formaldehyde resin 

with the weight ratio of 70:30 was prepared (mixture i). 

A solution containing different solvents including 

toluene, solvesso100, n–butanol, and butyl glycol with 

weight ratio of 70:10:10:10 was also prepared. 

Adequate amounts of the pigments (as-synthesized zinc 

ferrite, zinc phosphate, and zinc chromate) were then 

added to this solution and sonicated with a power of 

200 W for 30 min (mixture ii). Mixtures i and ii were 

blended with the ratio of 60:40, being the pigment 

content in the final mixture about 0.5 weight percent” 

The mild steel specimens with dimensions of 

7×10×0.2 cm3 were abraded using emery paper up to 

800 and then degreased by acetone. The coatings were 

deposited on the specimens by spraying and then cured 

at 130 °C for 30 min. The test samples were designated 

from A to F (Table 1). 

 

2.3. Characterization 

X–ray diffraction analysis patterns were achieved at 

room temperature by an X–ray diffractometer (PW 

1800, Philips, Netherlands) to evaluate the crystal 

phases of the as-synthesized zinc ferrites powder, 

employing Ni–filtered Cu Kα radiation (λ = 1.5404 Å). 

Infrared spectra were recorded by a 

spectrophotometer (Spectrum One, Perkin Elmer, 

USA) with KBr pellets in the range of 4000–650 cm-1. 

For adhesion measuring, cross-cut tape test was 

accomplished as stated on ASTM D3359-B, by a 

device with 6 cutting edges. The impact resistance was 

evaluated in accordance with ASTM D2794-93.  

Dynamic mechanical thermal analysis was 

performed on the free films in nitrogen atmosphere at 1 

Hz, -50 to 200 °C, and a heating rate of 5 °C/min. The 

dynamic mechanical analysis was carried out in 

nitrogen atmosphere. To prepare the free films, the 

coatings were casted by a 60-micron film applicator on 

glass substrates. The samples were cured and immersed 

in water for 24 h, and then the coatings were detached 

from the substrates. 

The electrochemical impedance spectroscopy was 

implemented using an electrochemical interface and 

impedance analyzer (Compactstat, Ivium, USA). The 

coated samples were exposed to 3.5 weight percent 

sodium chloride solution up to 8 weeks at 25 ± 1°C. 

Electrochemical impedance spectroscopy was examined 

at open circuit potential with the perturbation of 20 mV 

peak to peak within the frequency range of 10 MHz –10 

kHz. The electrochemical cell consisted of the coated 

sample, 3MAg/Silver chloride, and platinum as working, 

reference and auxiliary electrodes, respectively. 

Corrosion resistance and disbonding of the coatings 

applied on the mild steel specimens were examined 

according to ASTM B117 by a salt spray chamber 

(CTS–114, B. Azma, Iran), using 5 % sodium chloride 

solution at 35 ± 1 °C for 240 h. 

 
Table 1: Designation of the coating samples. 

Coatings components 

A Neat polyester melamine coating 

B polyester melamine coating + zinc chromate 

C 가olyester melamine coating + zinc phosphate 

D polyester melamine + I–nanoparticulate zinc ferrite (calcined at 500 °C) 

E polyester melamine + II–nanoparticulate zinc ferrite (calcined at 600 °C) 

F polyester melamine + III–nanoparticulate zinc ferrite (calcined at 800 °C) 
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3. Results and Discussion 

3.1. Phase analysis and transmission electron 

microscopy for the powder samples 

Figure 1 shows all the powder samples calcined at 500, 

600, and 800 °C, respectively containing ZnFe2O4 

[JCPDS 77–11] as a unique phase. No crystalline 

compound attributed to zinc oxide or iron (III) oxide 

could be found. The main characteristic peaks of the 

zinc ferrite are corresponded to 2θ = 30.1, 35.2 and 

62.4°, implying the existence of these phase in the 

powder samples. It should be noted that the more 

crystallized size causes the higher intensity of X–ray 

diffraction analysis peaks. This may be as a result of 

the calcination temperature of the synthesized powders 

since a gradual increase in the crystallite size with the 

calcination temperature indicates the formation of 

bigger particles and sharper peaks [32]. This 

phenomenon is supported by transmission electron 

microscopy (Figure 2). The crystallite size of the as-

synthesized powders calculated by the Williamson–

Hall method [33] was 21, 34, and 48 nm for samples I, 

II, and III, respectively. However, as-synthesized 

powders could be applied as zinc ferrite source. 

 

 

Figure 1: X–ray diffraction analysis patterns of the powder samples (I, II, and III), which was calcined at 500, 600, and 

800 °C, respectively. The coatings contained I, II, and III powder samples were designated as D, E, and F in Table 1. 

 

     

    
 

Figure 2: Transmission electron microscopy of the I–, II–, and III–zinc ferrite powder samples. 
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3.2. Infrared spectroscopy of the coated samples 

The FTIR stretching state of hydroxyl group (–OH) peak 

at 3400 cm-1 was observed in all coatings spectra, which 

may be due to the residue humidity on the sample's 

surface. The other peaks at 3000 and 1600 cm-1 

correspond to C–H stretching vibration in CH, CH2 and 

CH3 groups within the resin structure. In addition, the 

peak at 1600 cm-1 is devoted to water and always appear 

parallel to 3400 cm-1 peak (Figure 3). Totally, the 

observed peaks in the range from 600 to 1500 cm-1 are 

related to vibration of bonds and groups in the resin 

system. However, the 3460 cm-1 peak of the –OH group 

in the polyester resin is not seen in the spectrum, 

demonstrating that it has reacted with melamine resin [2]. 

In addition, the peaks at 1744 and 1138 cm-1 

correspond to ester bonds, whereas those at 2849 and 

2920 cm-1 correspond to –CH group. The characteristic 

peaks in nanoparticle polyester melamine coatings at 

1627.67 and 3436.43 cm-1 are implying the absorbed or 

free hydroxyl group of water molecules. The peaks at 

578.69 and 475.46 cm-1 are attributed to tetrahedral and 

octahedral bonding between oxygen and metal, 

respectively. The characteristic peaks of the pigments, 

i.e. zinc ferrite, zinc chromate, and zinc phosphate, are 

not completely overlapped with the corresponding 

peaks of the resin. However, the extent of the similarity 

between the spectra of pure polyester melamine coating 

and those of pigment–contained coatings approves that 

no significant change occurred in the phase component 

or functional groups of the pigment contained coatings. 

In other words, the inclusion of nanoparticle zinc 

ferrites and the conventional zinc phosphate and zinc 

chromate leads no variation in the relative intensity of 

the absorption peaks in infrared spectra, which means 

that the cross–linking reactions are not affected in the 

presences of micro– and nanoparticles. Therefore, the 

infrared spectroscopy results showed no impact of 

pigments on the cross–linking reactions of the coatings 

[34, 35]. 

 

3.3. Physical and mechanical characteristics of 

the as-synthesized thin films 

Several parameters have a direct and/or indirect 

influence on the adhesion of coatings to substrates. Due 

to the similar experimental conditions, in which the 

samples were prepared, most of the parameters can be 

ignored. The cross-cut results showed that the adhesion 

of polyester melamine coating improved by adding the 

zinc ferrite nanoparticles (Samples D, E, and F), 

whereas zinc chromate and zinc phosphate had no 

considerable effect. The samples were rated in 

accordance with ASTM classes: samples A, B, and C 

as class 4B, and samples D, E, and F as class 5B. The 

difference may be due to the energy dissipation caused 

by the zinc ferrite nanoparticles. The thickness of the 

coatings was 30-40 µm. 

 
Figure 3: Infrared spectra of the coated samples. 
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Polyester is tough and impact-resistant plastic. 

Polyester-melamine compound shows improved 

characteristics such as higher resistance to rapid 

deformation [36]. The results showed that the impact 

resistance values of all the samples were similar and 

more than 80 ft.Ib/in. This approves that the addition of 

pigment to the polyester melamine coatings does not 

destroy their impact resistance. 

 

3.4. Dynamic mechanical thermal analysis 

The dynamic mechanical instruments evaluate the 

deformation of a specimen exposed to vibrational 

forces. The elastic modulus could be achieved by this 

technique and is defined as the stashed energy due to 

an exerted strain. According to this test, at the 

equilibrium state and in thr linear range of viscoelastic 

behavior, the stress and strain changes would be 

sinusoidal and the strain drops behind stress. The 

storage modulus (E') is in phase with the strain, 

whereas the loss modulus (E") is 90° out of phase with 

the strain and is related to dissipation of energy. The 

ratio of E" to E' is defined as internal damping or 

mechanical loss factor (tan δ) [37]. However, higher 

‘tan δ’ means more viscous behavior of the coating 

system, whereas lower ‘tan δ’ implies more resistance 

against coating deformation and more system elasticity 

[38]. 

According to the results, the inclusion of 

nanoparticle zinc ferrite leads to higher storage 

modulus at glassy state following the order III>II>I, 

which could be related to the difference in particle size 

of nanoparticle zinc ferrite powders (Figure 4). As 

previously mentioned, I–nanoparticle pigment had a 

lower particle size than II– and similarly III–

nanoparticles; therefore, lower aggregation with a 

smaller size in the coating has been created. Regarding 

the similarity of the chemical structure of the pigments, 

it can result that interaction between a nanoparticle and 

polymeric matrix was increased with particle size 

lowering of nanopigments (subsequently higher 

specific surface area of the particles). Therefore, the 

increase in nanoparticle–polymer interaction leads to 

lower storage modulus of nanopigment-contained 

polyester melamine coating. With this viewpoint, the 

highest storage modulus was obtained for the coating 

containing zinc phosphate with microsize particle. In 

addition, more interaction causes raising the glass 

transition temperature of the coating system. The glass 

transition temperature of the coatings was measured by 

the change in slope of storage modulus (glass transition 

temperature-1) and the maximum loss factor (glass 

transition temperature-2) (Table 2). It can be seen that 

both the glass transition temperature values of coatings 

have comparable variation trend. The glass transition 

temperatures of I–nanoparticle coating is the highest 

compared to other coatings because of its higher 

interaction between nanoparticle pigment and 

polymeric matrix, better dispersion and lower tendency 

to aggregate formation due to smaller particle size. The 

‘tan δ’ variation versus temperature is also described. 

The width of peaks in ‘tan δ’ diagrams is attributed to 

homogeneity and molecular weight distribution of 

polyester melamine coatings (Figure 4). According to 

change of particle sizes from micro– to nano–scale, the 

homogeneity and molecular distribution of polyester 

melamine coatings and pursuant dispersion of particles 

in polymer system are better or the resultant particle 

aggregation is quite decremented. This is why the 

peaks in ‘tan δ’ vs. T diagrams are narrower and 

sharper. 

 

Table 2: Glass transition temperature and ‘tan δ’ values of the coated samples.  

Coatings 
glass transition 

temperature-1 

glass transition 

temperature-2 
‘tan δ’ at 25 °C ‘tan δ’ at 35 °C 

A 33.2 51.3 0.0931 0.1982 

B 22.4 51.7 0.0480 0.0901 

C 26.4 51.8 0.0868 0.2048 

D 34.6 60.7 0.0959 0.1806 

E 33.5 54.3 0.1058 0.2303 

F 29.2 52.1 0.1379 0.2859 
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Figure 4: Dynamic mechanical thermal analysis spectra of the coated samples. 

 

These temperatures are the conditions in which the 

coatings are examined by electrochemical impedance 

spectroscopy and salt spray. Results show that the 

inclusion of micro- and nano-pigments into polyester 

melamine resin system has the following effects: i) 

increasing the elastic modulus, ii) increasing the 

coating elasticity, and iii) relative decrease of ‘tan δ’ 

values (Table 2). The gradual raising of ‘tan δ’ with a 

particle size from micro– to nano–scale was seen is 

signifying lower energy stored in the system, more 

energy loses from the coating and finally more viscous 

behavior has been obtained. Moreover, the values of 

‘tan δ’ at 35 °C are higher those at 25 °C. This 

phenomenon refers to the higher mobility of pigments 

in resin systems with higher temperature, leading to 

viscous behavior increment of the coating. However, in 

nanoparticle polyester melamine coatings the variation 

is slightly different. It can be observed that in nano–

scale, the bigger particle size of III–nanopigment is 

lead to a little bigger ‘tan δ’ value. It can be ascribed to 

the fact that inorganic nanoparticles may be slipped on 

chains of high molecular weight polyester-melamine 

resin. Due to more ability of III–nanopigment particles, 

its mechanical loss factor was greater than those of I– 

and II–nanopigment polyester melamine coatings. Of 

course, results clearly show that the inclusion of 

nanoparticle zinc ferrites, microsize zinc phosphate, 

and zinc chromate has no impact on the storage 

modulus at rubbery state. This may arrive to the high 

molecular weight of polyester–melamine resin which 

causes mobility of micro– and nanoparticles at rubbery 

state has not a significant influence on the elasticity of 

all coating systems. 
 

3.5. Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy was used to 
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evaluate the corrosion performance of the coatings 

since it is a nondestructive and useful technique to 

study, measure, and estimate the coating durability. 

Figure 5 consists of 6 parts (Figure 5–1 to Figure 5–6) 

including neat polyester melamine coating, zinc 

chromate / polyester melamine coating, zinc phosphate 

/ polyester melamine coating, I–zinc ferrite / polyester 

melamine coating, II–zinc ferrite / polyester melamine 

coating, and III–zinc ferrite / polyester melamine 

coating samples, respectively. 

 

 

 

 

 
Figure 5: The (a) Nyquist and (b) Bode diagrams of the coated samples during ◊:1, ∆:4, and □:8 weeks immersion 

period. This figure consists of 6 sections (1–6) which are related to the A–F samples. 
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Figure 5: Continue. 

 

The gradual diffusion of water molecules into the 

coatings leads to the formation of conductive 

pathways. The subsequent corrosion beneath the 

coating results in the formation of Fe+2 and OH- due to 

the anionic and cationic reactions, respectively (see 

Equation 1 and 2). The presence of pigments in the 

coating may restrict the diffusion of water into the 

coating and/or corrosion reaction at coating/metal 

interface and/or diffusion of ionic species, i.e. Fe+2 and 

OH- from the coating/metal interface to 

coating/solution interface [39]. 
 

Fe => Fe+2 + 2e-  (1) 
 

2H2O + O2 + 4e- => 4OH- (2) 
 

The creation of OH- ions will be responsible for the 

increase of the local pH beneath the coating. The 

alkaline condition can increase the rate of the bonds 

detachment between coating and metal surface. This 

can cause an increase in the adhesion loss of the 

coating [40, 41]. The cathodic activity of the metal 

surface may be affected in the presence of nanoparticle 

zinc ferrite pigments. These particles can reduce the 

rate of electron transfer from the anodic regions of the 

metal surface to the cathodic regions. This may cause a 

decline in the rate of cathodic reaction and therefore a 

decrease in the rate of OH- creation. 

A glance at high-frequency impedance magnitude 

at Bode diagrams and semicircle diameter at Nyquist 

diagrams clearly shows the improvement of corrosion 

protection of the coatings containing nanoparticle 

pigments during immersion, especially at prolonged 

immersion times. The extracted electrochemical 

parameters from electrochemical impedance 

spectroscopy diagrams were fitted with a suitable 

equivalent electrical circuit (Figure 6 and Table 3). 

 

 

Figure 6: The equivalent electrical circuits with (a) the one-time constant and (b) the two-time constant used to fit the 

electrochemical impedance spectroscopy spectra. 
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Table 3: Variation of electrochemical parameters of the coated samples. 

Coatings 

Immersion 

time 

(weeks) 

Charge 

transfer 

resistance * 

(GΩ.cm2) 

Admittance 

(nsn.Ω-1.cm-2) 
ndl 

electrical double 

layer capacitance ** 

(nF/cm2) 

log |Z|100 

MHz
*** 

(Ω.cm2) 

θ10 KHz 
**** 

(degree) 

A 

1 0.78 0.16 0.99 0.16 8.89 -88.0 

4 0.15 0.24 0.99 0.23 8.18 -87.4 

8 0.06 0.33 0.99 0.32 7.79 -87.3 

B 

1 3.06 0.23 0.98 0.23 9.48 -88.5 

4 2.95 0.24 0.99 0.24 9.46 -88.6 

8 2.58 0.28 0.98 0.24 9.41 -81.4 

C 

1 0.89 0.18 0.98 0.17 8.95 -88.3 

4 0.48 0.20 0.97 0.19 8.68 -82.8 

8 0.06 0.27 0.95 0.22 7.79 -75.7 

D 

1 84.0 0.21 0.98 0.22 10.92 -87.0 

4 45.9 0.18 0.99 0.19 10.66 -86.4 

8 14.0 0.16 0.97 0.16 10.14 -85.2 

E 

1 56.3 0.20 0.98 0.21 10.75 -88.8 

4 49.7 0.14 0.97 0.15 10.69 -85.4 

8 13.2 0.25 0.98 0.26 10.12 -81.1 

F 

1 32.4 0.28 0.99 0.33 10.51 -90.0 

4 8.83 0.33 0.97 0.34 9.94 -87.6 

8 1.23 0.74 0.96 0.12 9.08 -85.0 

*      The standard deviation data range: 6.82–15.7 % ;**    The standard deviation data range: 3.45–7.32 % 

***  The standard deviation data range: 4.23–8.56  % ; **** The standard deviation data range: ca. ± 2° 

 

 

The obtained data demonstrated that charge transfer 

resistance of polyester melamine coatings was declined 

during immersion time due to the penetration of 

corrosive ions to coating/metal interface, which is less 

for coatings containing nanoparticle zinc ferrite 

pigments than other ones. Comparison of charge 

transfer resistance values implies that the presence of 

nanoparticle pigments increases the charge transfer 

resistance of polyester melamine coatings. The I–zinc 

ferrite nanoparticle pigment has higher charge transfer 

resistance than II– and III–nanoparticle pigments, i.e. 

better surface blocking properties of smaller particle 

size nanoparticle zinc ferrite. 

The admittance and electrical double layer 

capacitance were increased with the immersion time. 

The coating performance decrement during the 

immersion period was obvious in decreasing the low-

frequency impedance (log |Z|100 MHz). However, 

nanoparticle pigments existence in the polyester 

melamine coatings seems that leads to impedance 

increasing, especially for the I–zinc ferrite 

nanopigment. In addition, the high-frequency phase 

angle (θ10 KHz) becomes more positive during the 

exposure time, indicating capacitive behavior reduction 
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of the system [41]. 

Here, it can be considered the interaction between 

particles and the polymeric matrix in the coating. 

Lowering the particle size creates a possible higher 

specific surface area with the pigment particles and 

consequently enhancing their wettability with a binder, 

leading to the preparation of finely dispersed 

nanoparticle. This can improve the void-filling 

capability (confirmed by dynamic mechanical thermal 

analysis results, Figure 4) and prevents diffusion of 

electrolyte beneath the coating. As a result, zinc ferrite 

nanoparticle in polyester melamine coatings compared 

to other micro anticorrosive pigments results in the 

corrosive ions penetration into metal/coating interface 

be much lesser and confirming better anticorrosive 

performance of nanoparticle I–zinc ferrite compared to 

II– and III–nanoparticle pigments. 

 

3.6. Salt spray test 

The salt spray test was conducted as an accelerated 

corrosion testing method to evaluate corrosion 

performance of the prepared samples. Numerous 

blisters could be observed near the X-scribe and over 

the whole coated surface in the case of neat polyester 

melamine coating (Figure 7–A), polyester melamine 

coating containing zinc chromate (Figure 7–B) and the 

coating pigmented with zinc phosphate (Figure 7–C). 

 

 

Figure 7: (1) Photographs of the coated samples after 240 h of exposure to salt spray fog. (2) The Photoshop processed 

images of the coated samples after 240 h of exposure to salt spray fog to measure rust resistance. (3) Photographs of a 

disbanded region of the coated samples after 240 h of exposure to salt spray fog to estimate the area and percentage of 

the disbanded regions. 
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Table 4:The coatings disbonded areas from the X–scribe after 240-hour exposure to salt fog. 

Coatings Disbonded area (cm2) Percentage of the disbonded area (total area = 70 cm2) 

A 33.02 47.17 

B 23.27 33.24 

C 17.21 24. 58 

D 4.15 5.93 

E 5.16 7.37 

F 5.79 8.27 

 
 

It is obvious that the presence of zinc phosphate and 

zinc chromate could decrease the blistering and rust 

formation on the samples. However, the coatings 

containing nanoparticle zinc ferrites considerably 

decrease the rust formation beneath the coating. In 

addition, a brown adherent corrosion past, which is a 

mixture of iron hydroxides, was observed on the 

surfaces of A–C samples. Black spots were created on 

samples, which could be related to the corrosion 

process. The presence of blister, black corrosion area, 

and brown corrosion products in polyester melamine 

nanocomposite coatings were less than in neat 

polyester melamine coating. The enhancement of 

corrosion resistance of all the investigated coatings 

containing nanoparticle zinc ferrites was revealed 

during salt spray test. Furthermore, Photoshop software 

was used to estimate the rust resistance of the polyester 

melamine coating samples [42]. For this reason, a color 

scanner and Photoshop processing software were 

employed to scan the coatings and analyze the images. 

Rusted area and the amount of created blisters in 

coatings are shown as white dots in Figure 7–2. In the 

next step, corrosion percentages were revealed by 

proportion of blistered pixels amount (white dots) to all 

pixels amount of image. Corrosion and blister 

percentage of sample D were found the least one. It is 

clear that with the addition of nanoparticle zinc ferrites 

into polyester melamine coatings the rust resistance 

and blisters are lower than other coatings. This is as a 

consequence of more damping the applied stress in the 

coating and better dispersion of nanoparticles due to 

appropriate interaction which in accordance to higher 

‘tan δ’ values resulted from dynamic mechanical 

thermal analysis inspection (Table 2). 

Figure 7–3 shows the disbonded area of the 

polyester melamine coatings after the salt spray test. 

The area and the percentage of the disbonded region of 

the samples were estimated (Figure 7–3 and Table 4). 

It must be noted that the total sample area was 70 cm2. 

Results showed that the disbonded area of polyester 

melamine coatings containing nanoparticle zinc ferrites 

are less than that of neat polyester melamine coating 

and the polyester melamine coating incorporates by 

microsize pigments. Also, the results are supported by 

the mechanical loss factor (‘tan δ’ values) obtained for 

the polyester melamine coatings at 35 °C (Table 2). 
 

4. Conclusions 

The effects of nanoparticle zinc ferrite on the corrosion 

and mechanical properties of polyester melamine 

coating were investigated. It was found that the 

addition of small concentrations of nanoparticle zinc 

ferrite (0.5 weight percent) can improve the corrosion 

resistance and mechanical properties of the coating. 

Moreover, the electrochemical impedance spectroscopy 

results obtained for the coated steel over 8 weeks of 

immersion in sodium chloride solution suggested the 

beneficial role of nanoparticle zinc ferrite in improving 

the corrosion resistance of the coated steel. The 

polyester melamine coating containing III–nanoparticle 

have relatively higher intensity of nanoparticle pigment 

related peaks in X–ray diffraction analysis compared to 

I– and II– zinc ferrite polyester melamine coatings, 

which may be a result of higher calcination temperature 

of synthesized nanoparticle pigments leading to bigger 

crystalline size. The infrared spectroscopy results 

showed the inclusion of nanoparticle zinc ferrites. The 

conventional zinc phosphate and zinc chromate caused 

no variation in the relative intensity of the absorption 

peaks in infrared spectra, which means that the cross–

linking reactions are not affected in the presences of 

the micro- and nano-particles. The dynamic mechanical 

thermal analysis inspection proved that the addition of 

nanoparticle zinc ferrite leads to higher storage 
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modulus at glassy state following the order III>II>I. 

The glass transition temperature of I–nanopigments 

polyester melamine coating is highest compared to 

other coatings because of higher interaction between 

nanopigment and a polymeric matrix, better dispersion 

and lower tendency to aggregate formation due to 

smaller particle size (subsequently higher specific 

surface area). The decrement of ‘tan δ’–T curves width 

shows that homogeneity and molecular distribution of 

polyester melamine coatings and pursuantly dispersion 

of particles in polymer system are better or the 

resultant particle aggregation is quite decremented. In 

fact, inorganic nanoparticles may slip on chains of high 

molecular weight polyester–melamine resin. This is in 

accordance with the higher performance of the coatings 

containing nanoparticle zinc ferrite in electrochemical 

impedance spectroscopy and salt spray examinations. 

The presence of zinc phosphate and zinc chromate 

could decrease the blistering and rust formation on the 

samples in salt spray test; however, the coatings 

containing nanoparticle zinc ferrites considerable 

decrease the rust formation beneath the coating.  
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