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n this study, the organic coating of epoxy zinc-chromate (E) and the two-

layer coating of epoxy zinc-chromate-polyurethane (PU-E) was coated 

on the steel substrate using the spraying method. Then, their corrosion 

resistance was compared using electrochemical impedance spectroscopy (EIS) 

and dynamic polarization tests. Comparison of corrosion properties using 

parameters of, phase angle at a maximum frequency (100kHz), and breakpoint 

frequency (fb) were performed during 2, 4, and 8 weeks. A comparison of these 

three parameters showed that the corrosion resistance of the PU-E coating was 

higher than the E coating due to the behavior of the polyurethane coating 

barrier as well as the active protective behavior induced by the chromate 

pigments which was distributed on the epoxy coating. According to the test 

results, E and PU-E coatings had good hardness and scratch resistance and 

were resistant to pencil scratches with H and F hardness, respectively. The salt 

spray test for the two-layer coating showed no qualitative change, damaged 

area, blistering/delamination, or corrosion products on the coated sample. The 

results showed that both coatings were suitable candidates for use in various 

industries, including marine and power industries, and other industries that 

suffered from corrosion problems. Prog. Color Colorants Coat. 15 (2022), 25-

36© Institute for Color Science and Technology. 
 

 

  

  

  

  

  

1. Introduction 

The annual cost of corrosion in the United States and 

the European Union is estimated at 3 to 5 percent of the 

GDP. Corrosion of metals in the oil and gas industry, 

power plants, shipping and aviation industries, drinking 

water systems, pipelines, bridges, and public buildings 

make up the bulk of corrosion costs [1-3]. Many 

electrical industry structures are made of carbon steels 

and low-alloy steels, which have advantages such as 

excellent mechanical properties, ease of construction 

and welding, and low initial cost, which can cause 

significant corrosion problems in aggressive 

environments [4, 5]. Organic coatings and paints are 

mainly used to protect metal structures in aggressive 

atmospheres. Organic coatings act as a barrier between 

corrosive environments and metal structures and are 

among the most effective and inexpensive methods of 

corrosion protection [6-10]. 

Epoxy resins have led to significant advances in 

color technology. Epoxies are used to paint structures 

in and out of the water, because their coatings have 

excellent adhesion, low cost, and good resistance to 

chemical agents, marine environments, solvents and 

water [11-13]. But they are not very flexible because 

I 
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the binder evaporates under the sun's ultraviolet light 

and the pigments remain on the surface, creating a 

brittle surface [14]. The curing of epoxy resins is based 

on the opening of the epoxy chains by the active 

hydrogen atoms in the amine curing agent. Although 

alkaline cyclone amines have been widely used as a 

curing agent for epoxy resins because they provide 

high corrosion resistance, these curing agents are no 

longer used in the commercial market. Instead, 

polyamides are often used in mixtures to control the 

process of coating and create coatings with desirable 

properties [7]. Urethane resins are other types of 

polymers with cross-links that can withstand air 

erosion and are more flexible than epoxy [15-17].  

Polyurethane coatings are unique because they can 

be modified for using in both humid and icy 

conditions. Other properties of polyurethanes include 

good chemical resistance, higher resistance to acids 

compared to epoxy, applicability in various conditions, 

and resistance to UV radiation. Although the top 

coating of polyurethane does not exhibit corrosion and 

real barrier protection, it does protect the integrity of 

the coating system. Therefore, polyurethane coatings 

are often used as top coatings in cases where they are 

exposed to ultraviolet radiation. Of course, 

polyurethane coatings are also used as primer coatings 

and intermediate coatings [18, 19]. 

One of the problems with polyurethanes is their 

sensitivity to water. So, their transportation and storage 

must be done under special conditions according to the 

manufacturer's instructions [7, 20]. Epoxies are more 

stable in alkalis than polyurethanes. The final coatings of 

polyurethane are robust and have an excellent shine. But 

in some cases, they are challenging to repaint after they 

are worn out, and the surfaces must be thoroughly clean 

so that polyurethane paints adhere well to the base. 

Although different methods of preventing corrosion 

are being used, it is still necessary to increase the 

lifetime of consumables. One of the novel methods 

used to increase the adhesion and corrosion resistance 

of polymer coatings is nanocomposite coatings [21]. 

Nanoscale pigments and fillers have recently been used 

in coating systems to solve these problems and 

improve the properties and performance of coatings. In 

this method, many coating problems are tried using 

nanotechnology. Eliminate them and improve their 

performance [22]. Due to their nanoscale, 

nanomaterials exhibit unique properties and can be 

used to produce multi-purpose coatings. Nanoparticles 

with dimensions less than 100 nm can strengthen the 

polymer field without compromising transparency and 

other coating properties. Also, the concentration of 

nanoparticles required to modify the properties of 

coatings is much lower than the concentration of 

microparticles used in coatings [22]. Zinc oxide and 

chromate [23] are used to increase corrosion resistance 

and increase the stability of epoxy coatings to 

ultraviolet radiation. For example, Dhoke and Khanna 

showed that ZnO nanoparticles could improve the 

corrosion resistance of alkyd coatings. Research has 

also shown that ZnO nanoparticles are non-toxic 

nanoparticles hence can be used to synthesize 

environmentally friendly coatings. In a study by 

Ramazanzadeh and Attar [27], epoxy nanocomposites 

containing different amounts of zinc nanoparticles (2, 

3.5, 5, and 6.5 % by weight of ZnO) were prepared for 

60 years. The tests was examined in 3.5 wt% NaCl 

solution. Their results showed that nanoparticle-free 

samples were rapidly degraded after being placed in 

corrosive environments, but the corrosion resistance of 

nanoparticle-containing samples increased 

dramatically. The results indicated that zinc oxide 

nanoparticles significantly increase the resistance of the 

coating to hydrolytic degradation [22, 24]. 
In a study by Bastos et al. [25], the evaluation of 

electrochemical parameters for comparing two 

pigments of zinc phosphate and zinc chromate in 0.1 M 

NaCl solution showed that the corrosion resistance of 

the solution containing zinc chromate inhibitor was 

higher. Over a more extended period, the protective 

layer of pigments formed under the coating, and the 

lamination rate for the sample containing zinc 

chromate was lower. Amirudin et al. showed that zinc 

chromate performs well on cold-rolled and galvanized 

steel [26]. Immersion tests and salt spray tests showed 

that zinc chromate barrier properties were not degraded 

and good corrosion inhibitory performance was 

obtained [27]. In another study, stable oxidation was 

observed in parts of defects in chromate-coated epoxy-

containing steel (after the initial delay), resulting in a 

continuous oxide/hydroxide composite film with high 

strength properties in exposure to corrosive agents. For 

steel, continuous oxidation in the presence of chromate 

leads to the formation of a passive film that may be 

more resistant than the film formed in the absence of 

chromate [28]. 
In this study, first, the corrosion properties of epoxy 

coating containing zinc-chromate were investigated, 
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and then polyurethane coating was applied as the top 

layer on the epoxy coating. Its corrosion and 

mechanical properties were compared using EIS, 

dynamic polarization, adhesion, scratch resistance, and 

salt spray tests.  

 

2. Experimental 

2.1. Chemicals and synthesis of coating  

St37 steel sheets used for coating and corrosion tests 

were prepared in the dimensions of 1×25×50 and 

1×100×100 mm3. The steel specimens were 

mechanically polished with 100, 220, 400, 600, and 

800 sandpapers to remove the oxide layers, and then 

washed with deionized water. Before coating, the 

surface of the specimens was degreased and cleaned by 

acetone and ethanol followed by air-drying. Spray 

method was used to apply different coatings. In this 

regard, the coating mixture was transferred to the spray 

chamber. The coating was applied at the angle of 45˚. 

Then the samples were dried for 24 h at room 

temperature. Finally, the samples were stored in a 

desiccator with a dry environment.  

 

2.2. Preparation of organic coating for 

electrochemical characterization 

For each of the defined coatings, the resin and the 

hardener were first mixed at a certain weight ratio. 

Resins and hardeners were purchased from Khuzestan 

Petrochemical Co. The purchased epoxy grade was 

EP06SPL. Stirring was done using mechanical stirrer, 

and dilution was done to reach 20% of the total weight 

using a thinner. The weight ratio of resin to hardener 

for mixing is as follows: 

1) Zinc chromate Epoxy /hardener resin (E) ratio: 

10:3.5 

2) Polyurethane/Hardener Resin (PU) ratio: 10:2.7 

The thickness of the E and PU-E coatings was 43.3 

and 134.8 µm in the dry state, respectively. The wetting 

angle was measured using a contact angle analyzer 

(Krüss DSA100) equipped with droplet shape analysis 

software. For this purpose, 20 µL of water is dropped 

on both organic coatings, and after 30 seconds, the 

contact angle was measured. 

 

2.3. Electrochemical and mechanical 

characterization 

Electrochemical impedance spectroscopy and open 

circuit potential (OCP) was performed using a 

potentiostat/galvanostat electrochemical analysis device. 

The EIS test was used to check the resistance of the 

coating and its protective properties. The cell in this test 

consisted of a platinum electrode with an area of 2 cm2 

as a counter electrode, an Ag/AgCl as a reference 

electrode. A prepared steel sample (with and without the 

above coatings with dimensions of 1 × 25 × 50 mm3) 

was used as a working electrode, and the electrolyte used 

in this test was 3.5 wt.% NaCl. Only 1 cm2 of the surface 

of the coating was exposed to the corrosive environment, 

and the rest of the sample surface (the areas inside the 

corrosive solution) was sealed by beeswax. The EIS test 

was done for two, four, and eight weeks of immersion. 

The EIS test was performed in open circuit potential 

(OCP) with a frequency range of 100 kHz to 10 mHz 

and a sinusoidal voltage range of 10 mV. The E and PU-

E samples were immersed in 40 ml salt electrolyte (3.5% 

NaCl solution) and tested using EIS over time. All EIS 

experiments were performed at ambient temperature. 

EIS data was measured using Ivium software, and data 

were adjusted with ZSimDemo software. 

Electrochemical polarization tests were performed to 

measure the corrosion potential (Ecorr), corrosion current 

density (Icorr), polarization resistance (Rp), and corrosion 

rate (C.R) of the steel substrate and coated substrate. 

First, the open circuit potential (OCP) was recorded in 

the system equilibrium as corrosion potential. Then, the 

Tafel charts were scanned with a potential scan in the 

range of -250 mV to 250 mV of the corrosion potential 

at a scan rate of 10 mV/min. After drawing the Tafel 

diagram, the density of corrosion current was determined 

by extrapolation.  

Salt spraying test, according to the ASTM B-117 

standard, was used to check the performance of the 

coating in corrosive environments. Humidity test 

(ASTM D 4585-07), the degree of delamination (ASTM 

D-610), and the degree of blistering (ASTM D-714) 

were also investigated. For this purpose, an artificial 

damage with the dimensions of 2 cm×2 mm was created 

in the coated specimens using a surgical knife.  

The pull-off test was used according to the ASTM 

D4541 standard to check the adhesion strength, and the 

adhesion was reported based on the force required to 

separate the coating from the substrate. 

Scratch or pencil hardeners were used to determine 

the hardness and scratch-resistance of the coating 

applied on the steel substrate by ASTM D3363 

standard. The pencil hardness test is qualitative and 
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uses hardness scale from 6B as the lowest hardness to 

9H as the highest hardness. ASTM D3363 standard 

allowed the analysis to be performed manually without 

a retainer, but a pencil hardener was used to ensure that 

the test results are repeatable.  

 

3. Results and Discussion 

3.1. Coatings analysis 

3.1.1. OCP and EIS measurement 

The protective performance of the coated steel 

specimens immersed in a corrosive solution was 

assessed during immersion time with the OCP method 

(Figure 1). The OCP for modified epoxy coating in the 

first two weeks was -0.452 V. As the immersion time 

increases, the potential value reached -0.403, which 

was more positive than first two weeks due to the 

formation of a protective film at the steel /coating 

interface. By the penetration of the electrolyte into the 

interface, the zinc chromate pigments were dissolved. 

The cations Cr3+ and Zn2+ were released and penetrated 

to the metal/coating interface. As the immersion time 

increased, the amount of open circuit potential became 

more negative due to the penetration of corrosive 

substances into the coating. The behavior of the PU-E 

coating was similar to the epoxy coating. The more 

positive OCP was due to the active protection caused 

by chromate pigments and barrier behavior of 

polyurethane. 

The EIS test was performed for steel panels coated 

with E coating immersed in a saline solution (3.5 wt% 

NaCl) after 2, 4, and 8 weeks immersion. The resulting 

bode graphs are presented in Figure 2a and b. 

Investigating the value of phase analysis at high 

frequencies and the value of the total impedance at low 

frequencies helped to clearly understand the corrosion 

protection performance of the system under study. 

Low-frequency range and high-frequency range were 

assigned to charge transfer resistance and zinc-

chromate epoxy coating resistance, respectively. To 

interpret bode diagrams, three parameters, including 

the total resistance at the minimum frequency 

(|�|�����), the phase angle at the maximum frequency 

(�Ɵ���	���) and the breakpoint frequency (fb), must be 

studied. Generally, the value of |�|����� indicated the 

protective properties of the coating against corrosion 

[29-31]. 

As shown in Figure 2 a and Table 1, the value of 

log (|�|������ for sample E2, relating to the 

immersion of epoxy chromate coating for two weeks, 

was 8.2532. With increasing the immersion time to 4h, 

the value for sample E2 slightly increased to 8.6134. 

Then, as the immersion time increased for sample E8, 

the value of log (|�|������ decreased slightly to 

8.4723. Previous research showed that when the 

immersion time increased for epoxy coatings without 

protective additives (pigment and nanoparticles 

containing active ingredients, etc.), the total resistance 

of the coating reduced due to the penetration of 

electrolyte into the coating/substrate interface [1, 2]. 

 

 
Figure 1: Open circuit potential for E and PU-E coatings within 2, 4, and 8 weeks. 
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In other words, for pure epoxy, the total resistance 

of the coating was only related to the resistance of the 

barrier, and the protective effect of the coating reduced 

by increasing the immersion time and the presence of 

more corrosive components. But as the results of this 

study show, with increasing the immersion time from 2 

weeks to 4 weeks, not only the overall resistance of the 

epoxy chromate coating did not decrease, but also the 

total resistance increased due to the presence of zinc-

chromate pigments in the coating. This phenomenon 

was related to the formation of a protective film on the 

steel surface and at the coating/substrate interface. 

With the penetration of electrolyte into the interface, 

the chromate pigments were dissolved in it and Cr3+ 

and Zn2+ cations were released through the existing 

penetration pathways [3]. According to the results 

reported by other researchers, Cr3+ and Zn2+ ions can 

form a very thin nanometer-size layer on a steel 

substrate (and at the coating/metal interface). 

Therefore, the overall resistance of the epoxy chromate 

coating increased due to the formation of a protective 

film in the interface of the coating/substrate at time 

intervals of 2 to 4 weeks. 

θ100 kHz, i.e. the phase angle at the maximum 

frequency of 100 kHz, was another parameter used to 

study the corrosion properties of the coating. A 

significant reduction in the phase angle value at high 

frequencies confirms a significant reduction in the 

adhesion and protective properties of the coating [4-6]. 

Studies have shown that by increasing the immersion 

time of non-additive epoxy coatings in corrosive 

solutions, the coating adhesion to the substrate 

decreases due to the penetration of electrolyte into the 

interface of coating/substrate and the occurrence of the 

corrosion process. These events manifested themselves 

as a decrease in the value of the phase angle at the 

maximum frequency in the frequency-phase diagram. 

Figure 2 b and Table 1 showed that Ɵ100 kHz did not 

change significantly during the immersion time, and 

the coating had excellent adhesion during this period. 

θ100 kHz after two and four weeks were 75.67 and 81.36, 

respectively. This increase in the phase angle value at 

the maximum frequency was attributed to the 

formation of protective films with barrier capability by 

chromium cations at the coating/substrate interface 

within 2 to 4 weeks of immersion. Due to the stability 

and adhesion of the top layer of the protective layer, 

the phase angle remained constant up to 8 weeks. As a 

result, the adhesion of the coating did not change, 

indicating the promising corrosion resistance of the 

coating. 

A critical parameter that can be considered at 

higher frequencies was the breakpoint frequency (fb) 

which is a reliable measure for the coverage of the 

coating. Less failure frequency indicated less 

delamination of coating and better barrier protection 

performance [6]. The frequency at which a sharp drop 

occurred in the phase angle values, or in other words, 

the frequency at which the phase angle was equal to 

45o, can be considered as a criterion for the breakpoint 

frequency. It was generally believed that there was a 

direct relationship between the breakpoint frequency 

and the delamination region in the common sublayer 

and coating interface. Thus, the lower the breakpoint 

frequency, the less is the destruction of the coating and 

its separation from the substrate. Log (fb) is obtained by 

drawing a horizontal line from the angle of 45o in 

Figure 2 b which is 0.6, 0.4, and for E2, E4, and E8 

samples, respectively. According to the results shown 

in Table 1, the increase in immersion time from 2 

weeks to 4 weeks decreased the breakpoint frequency 

while it increased up to 8 weeks. The reduction in the 

failure frequency between two and four weeks was 

attributed to the formation of protective layers, whereas 

within eight weeks, the corrosion mechanisms 

prevailed in the interface and the breakpoint frequency 

increased to some extent [2, 7]. 

 

Table 1: Total impedance values |
|����� , phase angle at maximum frequency (�Ɵ������	(°�), and breakpoint 

frequency (fb) obtained from EIS test for epoxy chromate coatings immersed for 2, 4 and 8 weeks. 

Sample log (|
|�����/�. ��
�� �Ɵ������	(°� log (��/Hz) 

E2 8.21 75.67 0.6 

E4 8.61 81.36 0.4 

E8 8.47 81.12 1 
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                                             Epoxy Bode-modules                                                          Epoxy Bode-Phase 

 

Figure 2: (a) Bode plots, and (b) Phase diagrams for the steel sample coated with epoxy chromate immersed for 2, 4, 

and 8 weeks in 3.5% NaCl solution. 

 

Figure 3 and Table 1 show that this coating has 

excellent resistance to electrolyte and the penetration of 

corrosive ions. Zinc chromate pigments in the coating 

provided self-healing properties and active protection 

for the coating.  

Steel samples coated with a two-layer epoxy 

chromate-polyurethane (PU-E) and immersed in 

corrosive saline solution (3.5 wt% NaCl) were 

subjected to EIS test after 2, 4 and 8 weeks. The results 

are presented in the form of Bode-Phase diagrams in 

Figures 3 and Table 2. As shown in Figure 3(b), the 

results of the EIS test for two-layer epoxy-polyurethane 

coating were associated with a significant amount of 

noise, which was directly related to the very high 

barrier strength of the coating and its impermeability 

after eight weeks of immersion [8]. To interpret the 

graphs of PU coatings, parameters of		|�|����� and, 

�Ɵ������ were discussed, and the breakpoint 

frequency (fb) was extracted compared to single-layer 

epoxy chromate coatings. As mentioned earlier, the 

value of |�|�����, was referred to as corrosion 

resistance. As shown in Figure 3a and Table 2, the 

value of log(|�|����� ) for the PU2 sample (immersion 

of epoxy chromate-polyurethane coating for two 

weeks) was 9.6 Ω.cm2. As the immersion time 

increased to 4 weeks, the amount of log	 (|�|�����) 

increased slightly and reached 9.99 Ω.cm2, and then 

with the increase in immersion time to 8 weeks, log 

(|�|�����) decreased slightly and reached 9.72 Ω.cm2. 

As the results of |�|����� for PU coatings showed, the 

overall resistance during eight weeks of immersion was 

very high and almost unchanged. Also, an increasing 

trend and then a continuation of the decrease in 

resistance that was observed in epoxy chromate 

coatings due to self-healing was also observed in PU 

coatings. Examination of the results related to 

�Ɵ������ PU coating, which was presented in Figure 

3a and Table 2, showed that this parameter did not 

significantly decrease during two months of immersion 

in corrosive solution. Within a specific range, it 

underwent minor changes. Further study of the changes 

in -ɵ100KHz showed that the value of this parameter in 

the two-layer PU coating at the beginning and the 

interval of 2 to 4 weeks of immersion in corrosive 

solution, increased from 73 to 79.81 and with 

increasing immersion time by eight weeks, the variance 

decreased to 75.26. It seemed that the trend of changes 

in �Ɵ������ of this coating was similar to the 

increasing and then decreasing trend observed in 

single-layer epoxy chromate coatings, which was also 

due to the very high barrier resistance of this coating. 

Over time, even with the penetration of corrosive 

electrolyte into the substrate, this coating system 

maintains its protective function with active protection 

by chromium pigments and does not suffer from severe 

degradation. As a result, it can be concluded that the 

corrosion resistance of this coating system against 

corrosive solution depends on the barrier behavior of 

the polyurethane coating as well as the actual 

protection behavior induced in the coating system, 

which was the active protection of zinc chromate 

pigments distributed in the epoxy coating. 

 

a b 
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Table 2: Total impedance values |
|����� , phase angle at a maximum frequency (�Ɵ������	(°�), and breakpoint 

frequency (fb) resulting from EIS test for two-layer epoxy chromate-polyurethane (PU) coatings at different immersion 

times. 

Sample log (|
|�����/�. ��
�� �Ɵ������	(°� log (��/Hz) 

PU2 9.6 73 0.6 

PU4 9.99 79.81 0.4 

PU8 9.72 75.26 1.0 

 
                                Polyurethane Bode-modules                                                          Polyurethane Bode-Phase 

 
Figure 3: (a) Bode and (b) Phase diagrams for steel specimens with a two-layer epoxy-chromate-polyurethane coating 

immersed in NaCl solution for 2, 4, and 8 weeks. 

 

In connection with the breakpoint frequency (fb), 

since the two-layer coating of epoxy chromate-

polyurethane (PU) had very high resistance, it showed 

a barrier behavior. It means that with decreasing the 

frequency, its overall resistance increased and no 

breakpoints were observed in the diagram. Also, due to 

the very high resistance of this coating (PU), there was 

a lot of noise in the bode-phase diagram, which made it 

impossible to use the 45o angle criterion to determine 

the frequency of the breakpoint. Thus, with increasing 

the immersion time, the breakpoint frequency 

decreased from 2 to 4 weeks and increased after up to 8 

weeks, which can be attributed to the formation of 

protective layers within 2 to 4 weeks. Then, the 

corrosion mechanisms, to some extent, prevailed in the 

interface, and the breakpoint frequency somewhat 

increased [9]. 

 

3.1.2. Polarization curves 

Figure 4 showed the polarization curves of the bare 

steel substrate and coated substrates with E and PU-E 

after eight weeks of immersion in a corrosive saline 

solution (3.5 wt. % NaCl). 

The open-circuit potential (OCP) was considered in 

terms of corrosion potential (Ecorr), and the density of 

corrosion (icorr) was obtained by extrapolation of the 

linear area of the polarization curve (Tafel) to the Ecorr 

diagram. Tafel constants, including anode (βa) and 

cathode (βc) slopes, were measured for anode and 

cathode areas of polarization curves (in Tafel area), 

respectively. Also, the corrosion rate (CR) was 

obtained in millimeters per year (mm/year) according 

to the following equation (Eq. 1) [10]: 
 

 ! " 3.27 &
'()**

+
& ,-  (1) 

 

In this equation, icorr, ρ, and Ew are the current 

density (mA/cm2), the density of steel (7.87 g/cm3), 

and the equivalent mass of carbon steel (27.93 g), 

respectively [10]. The parameters obtained from the 

polarization curves are presented in Table 3. 

 

 

a b 
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Table 3: The parameters obtained from the polarization test for the substrate coated with E and PU-E coatings immersed 

in 3.5 wt. % of NaCl solution. 

Samples 
Ecorr   (V vs. 

Ag/AgCl) 
icorr  (mA/cm2) βa (V/dec) -βc (V/dec) C.R (mm/year) 

PU-E -0.05±0.006 6.31×10-7±0.06×10-7 0.26±0.013 0.18±0.011 7.3×10-6±0.04×10-6 

E -0.95±0.009 3.16×10-6±0.03×10-6 0.12±0.009 0.09±0.006 3.6×10-5±0.08×10-5 

 

 
Figure 4: PU-E and E coating polarization curves in corrosive saline solution (3.5 wt.% NaCl) after eight weeks. 

 

As it is clear from the results, the corrosion rate of 

steel samples covered with E and PU was equal to 

3.6×10-5 and 7.3×10-6 mm/year, respectively. To better 

understand the protective performance of coatings, the 

corrosion rate of uncoated st37 steel in the same 

corrosive environment (3.5 wt.% NaCl) was 0.27 

mm/year [11, 12]. Comparing the corrosion rate of the 

noncoated st37 steel with those coated by E and PU-E 

showed that these coatings significantly reduced the 

corrosion rate of the steel in corrosive environments and 

protected it well. Therefore, it can be concluded that 

with E and PU-E coatings, the life of the steel increased 

significantly. As can be seen from Figures 2 and 3, and 

Tables 1 and 2, although the samples coated with E and 

PU-E had been immersed in the saline corrosive solution 

for eight weeks, they retain their protective properties 

well. According to the results of research, the corrosion 

rate of steel coated with pure epoxy was 0.1705 

mm/year [13], which was a very weak protective 

function for the steel substrate. The reason for this poor 

performance of the pure epoxy coating against corrosion 

can be attributed to the fact that this coating protects the 

steel substrate only through barrier protection. If 

penetrating paths are created in the coating and the 

corrosive ions can reach the metal/coating interface, the 

protective barrier of the coating will be disrupted, and by 

forming an electrolyte layer in the interface, the steel 

will be exposed to the electrolyte followed by intensified 

corrosion process [13, 14]. But as the results of the PU-E 

and E coating polarization test showed, even after two 

months of immersion of the samples in the corrosive 

solution, the corrosion rate of the steel substrate was still 

low. The reason for this can be attributed to the active 

protection combined with the barrier protection of the 

coatings used in this research. For example, if due to the 

long-term proximity of the epoxy chromate (E) coating 

to the corrosive solution, the electrolyte and corrosive 

ions disrupt the protection of the coating barrier and 

reach the interface, the chromate-zinc pigments in the 

electrolyte will decompose. The interface was dissolved 

and, by producing zinc and chromium cations, protective 

films are formed in the interface and provided protection 

for the steel substrate in the presence of corrosive 

electrolytes. Therefore, the induction of active protection 

in the E and PU-E coatings used in this research 

provided long-term durability of the steel substrate 

against uniform corrosion in corrosive salt environments 

[15]. Comparing the corrosion life of E and PU-E 

according to Figure 4 and Table 3 shows that the 

corrosion rate of steel coated with PU-E was lower than 

that of the steel coated with E. In addition, the corrosion 

potential of the PU-E sample had lower negative values 
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than the E sample. In other words, it was nobler against 

corrosion, so it can be concluded that the PU-E coating 

provided better protection than E coating for steel 

substrate. 

E and PU-E coating's contact angle was 53±3 and 

82±5o, respectively, which showed that the two-layer 

coating surface has more hydrophobic nature, which 

was in agreement with the EIS and polarization tests. 

The more hydrophobic nature of the PU-E coating 

compared to the E coating caused less corrosive agent 

penetration into the coating surface, resulting in higher 

impedance of the two-layer coating, as shown in 

Figures 1 and 2. 

 

3.2. Mechanical properties of the coating 

3.2.1. Adhesion test 

The adhesion of E and PU coatings to the steel 

substrate was evaluated by the Pull-off method [16, 

17]; their adhesion strength was 3.45 and 2.07 MPa, 

respectively (Figure 5). Previous studies had reported 

the adhesion strength of epoxy coatings containing zinc 

chromate pigments in the range of 5 MPa [18]. They 

concluded that the chromate pigments in coatings 

increase the adhesion strength of coatings compared to 

non-pigmented epoxy coatings [19]. The adhesive 

strength of the two-layer epoxy-chromate coating had 

significant decrease compared to the single-layer epoxy 

chromate coating (40%). This was also consistent with 

the results of the high-frequency phase angle at the 

impedance charts (Tables 1 and 2), because the high-

frequency phase angle, as a criterion for the adhesion 

of the coating to the substrate, was more for single-

layer epoxy chromate (E) coating compared to the two-

layer epoxy chromate-polyurethane coating (PU-E). 

Also, the thickness of dry E and PU-E coatings was 

43.3 and 134.8 µm, respectively. On the other hand, the 

decrease in the adhesion strength of PU coatings 

compared to E coatings can be attributed to the much 

higher thickness of this coating. Either increasing the 

coating thickness or the use of multilayer coatings 

reduces the adhesion strength of the coating. 

 

3.2.2. Hardness and scratch resistance test 

scratch or pencil hardness tester in accordance with the 

ASTM D3363 standard was used to determine the 

hardness and scratch resistance [20, 21]. The pencil 

hardness test is a standard method used for many years 

in the industry to determine the wear resistance of 

scratches and dents [22]. The hardness measurement of 

this test was qualitative and used a scale with a range 

of 6B for the lowest hardness up to 9H for the highest 

hardness. The results of this test are presented in Table 

4 according to which E and PU-E coatings had good 

hardness and were resistant to pencil scratches with H 

and F hardness, respectively. 

 
Table 4: Hardness of coatings by scratch or pencil hardness tester. 

Sample degree of hardness Hardness range 

PU-E F Resistant 

E H Resistant 

 

 
Figure 5: Adhesion test for steel substrates coated with (a) E, and (b) PU-E. 
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3.2.3. Salt spray test 

Salt spraying test, according to ASTM B-117 standard, 

is a way to check the performance of the coating in 

corrosive environments [23]. For this purpose, the 

coated samples with artificial damage are subjected to 

salt mist created by spraying corrosive saline solution 

with high humidity in the enclosure of the device. The 

salt spraying test was a qualitative acceleration 

corrosion test in which the protective performance of 

the coating (with or without artificial defect) is 

determined by the dimensions and distribution of the 

damaged areas on the surface of the coated sample. 

Protective performance of the coated sample was 

evaluated with first signs of discontinuity and 

separation of the coating [20, 24]. The reason for the 

separation of the coating from the substrate is 

attributed to the reduction of the adhesion strength of 

coating to the substrate. The reduction of the adhesion 

during the test is also directly related to the volume of 

salt electrolyte containing corrosive components. It 

penetrates and corrodes steel in the interface. Corrosion 

products formed on the samples (created around 

artificial defects), the presence of blisters covered by 

the corrosion products, and the blisters distribution are 

good criteria for comparing the protective performance 

of the samples [3, 25]. In this study, a steel sample with 

a PU-E coating was placed in a simulated corrosive salt 

spray medium for 5 days (120 h). In order to 

investigate the damaged areas, the coated steel 

specimens were visually inspected after the salt 

spraying test. After the mentioned period, no 

qualitative changes, damaged area, blister/delamination 

of the coating, or corrosion products were observed on 

the coated sample, indicating the appropriate protective 

and active protection of the coating during the test 

period (Figure 6). 

 

 
Figure 6: Salt Spray test for steel substrate coated with 

PU-E within 120 days. 

 

4. Conclusion 

In this study, single-layer epoxy-chromate composite 

coatings and two-layer epoxy-chromate-polyurethane 

coatings were coated on the metal substrate to increase 

the corrosion resistance and lifetime of the coating 

systems. Both coatings retained their protective 

performance during the immersion period and did not 

experience a sharp drop in the overall resistance and 

adhesion of the coating. During different periods of 

immersion in the saline corrosive solution, the epoxy-

polyurethane coating had a total coating resistance and 

higher barrier protection than the single-layer epoxy 

coating. Total coating resistance of single-layer and 

double-layer coatings were 2.95×108 and 5.24×109, 

respectively, and the percentage of resistance reduction 

after eight weeks for both coatings was 2.8 and 1.25 %, 

respectively. Due to the high cost spent annually on the 

maintenance, repair, and inspection of metal surfaces in 

the marine and power industry, The results of article can 

reduce these problems by creating coatings with 

mechanical properties and proper adhesion to steel 

substrates.  
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