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1. Introduction
Carbon steel, the most widely used engineering 

material, accounts for approximately 85% of the annual 
steel production worldwide. Despite its relatively limited 
corrosion resistance, carbon steel is used in large tonnages 
in marine applications, chemical processing, petroleum 
production and refining, construction and metal processing 
equipment1,2. The economic consequences of corrosion of 
iron and its alloys in various industrial sectors, including 
oil and gas operations, are investigated3. There are different 
ways to control corrosion including inhibitors, coatings, 
applying anodic/cathodic protection and proper design4. 
Surface treatment is an effective technique to solve the 
problem, which includes chemical conversion coating,5-9 
electroplating and electroless plating,10,11 physical vapor 
deposition12,13 and so on. Among these surface treatments, 
chemical conversion treatment is a simple and cost effective 
method and has been increasingly used in a wide range of 
applications.

Phosphating is the most widely used metal pre-treatment 
process for the surface treatment and finishing of ferrous 
and non-ferrous metals14-18. Phosphating has become popular 
because of its ability to improve adhesion of the organic 
topcoat and prevention of underfilm corrosion19. The main 
applications of phosphating are for increasing corrosion 
resistance, paint adhesion and promoting electrical insulation20. 
The most commonly used phosphate coatings for corrosion 
protection are based on zinc, iron, and manganese21.

The phosphate coatings are formed by chemical reaction 
after immersing the metal in a solution containing soluble 

primary metal phosphates, free phosphoric acid, various 
accelerators and modifiers22. In the zinc phosphating of 
carbon steel, when the metal surface is subjected to the bath, 
iron will be dissolved due to presence of phosphoric acid at 
microanodic sites. The hydrogen evolution has occurred on 
microcathodic sites and pH increase in the metal solution 
interface simultaneously. This leads to equilibrium between 
the soluble primary phosphates to insoluble tertiary phosphate 
on the surface.

In a zinc phosphating bath these equilibrium may be 
represented as:

Zn(H2PO4)2↔ZnHPO4+H3PO4	 (1)

3ZnHPO4↔Zn3(PO4)2+H3PO4	 (2)

A certain amount of free phosphoric acid must be 
present to repress the hydrolysis and to keep the bath stable 
for effective deposition of phosphate at the microcathodic 
sites23,24. Temperature and immersion time are main effective 
parameters in zinc phosphate conversion coatings23.

In this work, zinc phosphate conversion coating was 
deposited on carbon steel by chemical method in different 
temperatures and immersion times. The surface morphology 
of phosphate coating samples was assessed by scanning 
electron microscope (SEM) and the composition of the 
coating surface was evaluated by EDS analysis. Corrosion 
resistance of these coatings was investigated by polarization 
curve and electrochemical impedance spectroscopy (EIS) 
in in 3.5% sodium chloride solution.
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2. Experimental Details
2.1. Deposition process of zinc phosphating 

coating on carbon steel
Carbon steel substrates with composition in: C: 0.95; 

N: 3.02; O: 4.82; Al: 0.68; Si: 0.7; P: 0.15; S: 0.14; Mn: 0.73; 
St: 0.17; Cr: 0.01 wt. %; Fe: balance, were used for the 
deposition of phosphate coatings. The compositions of the 
phosphate baths used in this study were: H3PO4 (17 ml l–1), 
ZnO (2 g l–1) and NaOH with final pH=2.90 to 3.

After grinding and polishing, specimens were rinsed 
with deionized water then were immersed in the bath 
that maintained at special temperature for particular time, 
immediately. A gray coating with bright crystalline spots 
was formed on the substrate. After phosphating, the coated 
samples were rinsed with deionized water to remove residual 
acid and salts from the bath and dried with compressed air 
and then exposured to ambient temperature for some hours.

2.2. Evaluating of corrosion performance
The working electrode samples were mounted by a 

polymeric resin and the surface of 1cm2 was obtained. 
The electrochemical studies were performed by polarization 
curves and electrochemical impedance spectroscopy, using 
Autolab PGSTAT 302N. A three electrode cell with Pt as 
counter and saturated Ag/AgCl as reference electrode was 
employed for this measurements. To reach the steady state 
condition, before each experiment, the working electrode 
was immersed in the test cell for 20 min. The measurements 
were repeated three times for each condition to ensure the 
reliability and reproducibility of the data. Polarization 
measurements were conducted in a 3.5% NaCl solution 
at room temperature with potential scan rate of 1 mV s–1. 
Electrochemical impedance spectroscopies (EIS) were carried 
out at open circuit potential with AC amplitude of 10 mV 
over a frequency range of 100 kHz to 10 mHz. Fitting of 
experimental impedance spectroscopy data to the proposed 
equivalent circuit was done by means of a home written 
least square software based on the Marquardt method for 
the optimization of functions and Macdonald weighting for 
the real and imaginary parts of the impedance25,26.

2.3. Surface characteristics of coating
By visual appearance, the color of the zinc phosphate 

coatings was grayish with bright crystalline spots. The surface 
morphology of zinc phosphate coated samples was assessed 
by scanning electron microscope model VGEA\\ TESCAN 

equipped with energy dispersive X-ray and after polarization 
test by scanning electron microscope model JSM-840 (JEOL).

3. Results and Discussion

3.1. Effect of different temperature on corrosion 
performance

The polarization curves of steel electrode without and 
with phosphate coatings in 3.5% NaCl solution are given 
in Figure 1. Coatings were obtained by 20 min immersion 
time in the phosphating bath at different temperature. 
The  electrochemical data including Ba, Bc, Icorr, Ecorr, Rp 
and corrosion rate of each sample are reported in Table 1. 
It should be noted that the results were calculated by using 
Tafel extrapolation method. The Stern-Geary equation is 
used to calculate the Rp

27:

Icorr = (1/2.303Rp) (BaBc/Ba+Bc) 	 (3)

Due to the insulating nature of phosphate coatings, these 
coatings provide an effective physical barrier to protect metals 
and significantly decrease the corrosion rate. In the NaCl 
solution, the predominant reactions that can occur during 

Figure 1. Polarization curves of steel electrode with and without 
zinc phosphate conversion coatings. Conversion coatings were 
obtained by 20 min immersion time in phosphate solution in 
different temperatures: 1) uncoated, 2) 20 °C, 3) 45 °C, 4) 55 °C, 
5) 65 °C, 6) 80 °C.

Table 1. Potentiodynamic polarization parameters of different operating temperature for the phosphate coatings in 3.5 wt. % NaCl solution. 
Coatings were prepared by 20 min immersion time in phosphate solution.

Phosphate
coating

Ba (±10–3)
/ V dec–1

Bc (±10–3)
/ V dec–1

Icorr (±5×10–7)
/ A cm–2

Ecorr (±10–3)
/ V

Rp (±5)
/ ohm

Corr.rate (±10–3)
/ mpy

uncoated 0.114 0.094 2.89×10–5 –0.653 772.995 3.39×10–1

20 °C, 20 min 0.2 0.15 2.78×10–5 –0.585 1336.216 3.27×10–1

45 °C, 20 min 0.137 0.110 6.49×10–6 –0.620 4078.901 7.62×10–2

55 °C, 20 min 0.205 0.136 1.04×10–5 –0.592 3397.255 1.22×10–1

65 °C, 20 min 0.188 0.066 8.68×10–6 –0.600 2443.455 1.02×10–1

80 °C, 20 min 0.195 0.042 7.59×10–6 –0.595 2157.797 8.92×10–2
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the cathodic and anodic polarization are the reduction of 
oxygen and iron dissolution, respectively14.

As shown in Figure 1, phosphate coated samples have 
more positive corrosion potential, lower corrosion current 
density and higher polarization resistance. This indicates 
that the corrosion resistance of carbon steel improves by the 
phosphating treatment. Moreover, the anodic and cathodic 
processes of carbon steel corrosion suppress effectively by 
the complete coverage of phosphate coatings. As shown in 
Table 1, the phosphate coatings prepared at 45 °C shows 
the highest polarization resistance and the lowest corrosion 
current density due to the compact structure of coating. 
It was reported that slow reaction during zinc phosphating 
causes the more formation of phosphophyllite (iron-zinc 
phosphate)21. Since the high operating temperature increases 
the rate of reaction, it is expected to decrease the amount of 
phosphophyllite phase with increasing in bath temperature. 
It was reported that, increase in temperature leads to an increase 
in extent of metal dissolution16 which cause large crystals 
formation due to the more crystal growth. In addition, the 
high operating temperatures lead to the great conversion of 
soluble zinc phosphate to insoluble tertiary zinc phosphate and 
free phosphoric acid before the metal is treated14. The great 
regenerated phosphoric acid can damage the coating and 
cause crystal refinement. Under such condition, the coarse 
crystal and heavy deposit of coating produces that shows the 
inferior corrosion properties28. Popić et al.29 have investigated 
the effect of deposition temperature on the surface coverage 
and morphology of iron-phosphate coatings on low carbon 
steel. It has been shown that the increase in temperature of the 
phosphating bath up to 70 °C caused an increase in surface 
coverage. But in the presence of additive, the best surface 
coverage’s was obtained at temperatures lower than 50 °C.

Electrochemical impedance was employed to confirm 
the anticorrosion behavior of the phosphate coating. Figure 2 
shows the Nyquist plots of zinc phosphated steel obtained 
by 20 min immersion in phosphate solution in different 
operating temperatures. Impedance was measured at open 
circuit potential in 3.5%wt. NaCl solution. The data reveal 
that the impedance diagrams consist of a depressed capacitive 
loop which is due to the charge transfer resistance and double 
layer capacitance. The equivalent circuit compatible with the 
Nyquist diagram is depicted in Figure 3. In this electrical 
equivalent circuit, constant phase element QDL, RS and RCT can 
be corresponded to double layer capacitance, n-1 n

dl dl  Q R C=  
solution resistance and charge transfer resistance, respectively. 
To obtain a satisfactory impedance simulation of phosphate 
coated steel, it is necessary to replace the capacitor (C) with 
a constant phase element (CPE) Q in the equivalent circuit. 
The most widely accepted explanation for the presence of 
CPE behavior and depressed semicircles on solid electrodes 
is microscopic roughness, causing an inhomogeneous 
distribution in the solution resistance as well as in the 
double-layer capacitance30,31.

To corroborate the equivalent circuit, the experimental 
data were fitted to equivalent circuit and the circuit elements 
were obtained. Table  2 illustrates the equivalent circuit 
parameters for the impedance spectra of phosphate coated 
steel in NaCl solution. The charge transfer resistances of the 
zinc phosphated samples significantly increase. From Table 2, 

higher corrosion resistance is obtained with 45 °C coating 
temperature. This is due to the presence of the more uniform 
phosphate coating on the surface which decreases the active 
area of the substrate.

The low value of CDL indicates the decrease in exposed 
area of electrode due to phosphate coatings. The QDL exponent 
(n) is a measure of the surface heterogeneity, and the low 
value indicates that the constant phase element is different 

Figure 2. The Nyquist plots of steel electrode with and without 
zinc phosphate conversion coatings. Conversion coatings were 
obtained by 20 min immersion time in phosphate solution in 
different temperatures: 1) uncoated, 2) 20 °C, 3) 45 °C, 4) 55 °C, 
5) 65 °C, 6) 80 °C.

Figure 3. Equivalent circuits compatible with the experimental 
impedance data in Figure 2 for corrosion of zinc phosphate coated 
steel electrode.

Table 2. Impedance parameters of different operating temperature 
for the phosphate coatings in 3.5 wt. % NaCl solution. Coatings 
were prepared by 20 min immersion time in phosphate solution. 
The error obtained through fitting is presented for each element as (%).

Phosphate
coating

Rct (±10)
/ ohm

QDL (±10–3)
/ Ω–1cm–2sn

CDL (±10–3)
/ F n (±10–2)

uncoated 605 (2%) 0.015 (3%) 0.061 0.61 (2%)
20 °C,  
20 min

1842(4%) 0.015 (2%) 0.105 0.63 (1%)

45 °C,  
20 min

2566(5%) 0.012 (5%) 0.056 0.69 (6%)

55 °C,  
20 min

1421(1%) 0.015 (1%) 0.137 0.58 (6%)

65 °C,  
20 min

1632(2%) 0.019 (1%) 0.096 0.68 (2%)

80 °C,  
20 min

1687(2%) 0.018 (1%) 0.083 0.69 (5%)
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from perfect capacitance. The values of n in Table 1 indicate 
that the electrode surface becomes more homogeneous with 
45 °C coating temperature.

3.2. Effect of immersion time on corrosion 
performance

The polarization curves of phosphate coatings obtained 
in different immersion time in the phosphating bath at 45 °C 
are given in Figure 4. The corresponding corrosion parameters 
in 3.5% NaCl solution are presented in Table 3. It can be 
seen that by increasing immersion time from 5 to 20 min, 
Icorr and corrosion rate of the coated samples decrease. But in 
higher immersion times, 30 min, corrosion current density 
and corrosion rate increases. In low immersion time, the 
conversion coating formation is in the induction stage7 and 
the surface is attacked by H+ ions presented in phosphating 
bath. This lead to increasing the corrosion rate. Therefore, 
at this immersion time, weak coating forms and in addition, 
the carbon steel surface is attacked by ions. With increasing 
the immersion time, the phosphate layer has enough time to 
settle on the steel surface, and produce a proper thickness 
for corrosion protection. In this immersion time, phosphate 
coats steel surface completely. But if the immersion time 
is too long, the quality and protective properties of coating 
decreases due to growth of phosphate crystals in the coating. 
This lead to the internal stress which decreases its toughness 
and increases porosity and cracking.

Fouladi & Amadeh32 have investigated the effect of 
phosphating time on microstructure and corrosion behavior 
of magnesium phosphate coating. The results indicated that 
increasing the phosphating time, enhanced both thickness 
and uniformity of the coating. The best results were observed 
after 20 min of phosphating.

Nyquist plots for the phophate conversion coating obtained 
by 45 °C operating temperature in different immersion times 
are presented in Figure 5. Impedance data were measured at 
open circuit potential in 3.5%wt NaCl solution. All coatings 
show capacitive loop attributed to the double layer capacitance 
and the charge transfer resistance. To obtain a satisfactory 
simulation, the capacitor was replaced with a constant phase 
element. The experimental data were fitted to the equivalent 
circuit (Figure 3) and the circuit elements were obtained. 
Table 4 illustrates the equivalent circuit parameters for the 
impedance spectra of the phosphate coated steel obtained in 
different immersion times. According to Table 4, the charge 
transfer resistance increases in the presence of phosphate 
coatings. In addition, with increasing immersion times, 
the corrosion resistance increases due to the completion of 

phosphate layer. As can be seen, higher corrosion resistance 
is obtained in 20 min immersion time. This is in agreement 
with the potentiodynamic polarization data.

3.3. Morphology and composition of the coating
The SEM images of phosphate conversion coatings 

obtained by 20 min immersion time in phosphate solution in 
different temperatures are presented in Figure 6. According 

Table 3. Potentiodynamic polarization parameters of different immersion times for the phosphate coatings in 3.5 wt. % NaCl solution. 
Coatings were prepared by immersion in phosphate solution in 45 °C.

Phosphate
coating

Ba (±10–3)
/ V dec–1

Bc (±10–3)
/ V dec–1

Icorr (±5×10–7)
/ A cm–2

Ecorr (±10–3)
/ V

Rp (±5)
/ ohm

Corr.rate (±10–3)
/ mpy

uncoated 0.114 0.094 2.89×10–5 –0.653 772.995 3.39×10–1

45 °C, 5 min 0.104 0.132 3.80×10–5 –0.666 664.513 4.45×10–1

45 °C, 10 min 0.140 0.188 3.01×10–5 –0.638 1155.662 3.54×10–1

45 °C, 15 min 0.160 0.138 1.58×10–5 –0.653 2032.394 1.85×10–1

45 °C, 20 min 0.137 0.110 6.49×10–6 –0.620 4078.901 7.62×10–2

45 °C, 30 min 0.189 0.108 1.11×10–5 –0.578 2676.457 1.30×10-1

Figure 4. Polarization curves of steel electrode with and without zinc 
phosphate conversion coatings. Conversion coatings were obtained 
at 45 °C in phosphate solution with different immersion times: 
1) uncoated, 2) 5 min, 3) 10 min, 4) 15 min, 5) 20 min, 6) 30 min.

Figure 5. The Nyquist plots of steel electrode with and without zinc 
phosphate conversion coatings. Conversion coatings were obtained 
at 45 °C in phosphate solution with different immersion times: 
1) uncoated, 2) 5 min, 3) 10 min, 4) 15 min, 5) 20 min, 6) 30 min.
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to observations, the phosphate coating obtained from 45 °C 
operating temperature, has finer and tiny crystals which result 
in continuous and compact structure. The coarse crystal and 
heavy deposit of coating is produced in higher operating 
temperatures that shows the inferior corrosion properties28. 
At high operating temperature the great regenerated phosphoric 
acid could damage the coating and cause crystal refinement14.

The SEM images of phosphate conversion coatings obtained 
by 45 °C operating temperature in different immersion times 
in phosphate solution are represented in Figure 7. As can be 
seen, in low immersion time, the formation of phosphate 
coating is in the induction stage23 and incomplete phosphate 
coating forms. Besides, the surface is attacked by phosphoric 
acid and causes the inferior corrosion behavior (Figure 7a). 
As shown in Figure 6a, with increasing immersion time, the 
phosphate crystals grow and uniform and compact coatings 
are obtained.

In the very high immersion time (Figure 7b), the more 
growth are observed in phosphate crystals and some cracks 
create in SEM image. This can be an evidence of high growth 
of crystals in coating and lead to decreasing the corrosion 
resistance. With increasing immersion times, the crystals 
may be cracked due to the presence of stresses between 
crystal layers during drying process. By withdrawing samples 

Figure 6. SEM images of zinc phosphate conversion coatings obtained by 20 min immersion in phosphate solution in different coating 
temperatures: (a) 45 °C, (b) 65 °C and (c) 80 °C.

Table 4. Impedance parameters of different immersion times for 
the phosphate coatings in 3.5 wt. % NaCl solution. Coatings were 
prepared by immersion in phosphate solution in 45 °C. The error 
obtained through fitting is presented for each element as (%).

Phosphate
coating

Rct (±10)
/ ohm

Q (±10–3)
/ Ω–1cm–2sn

CDL (±10–3)
/ F n (±10–2)

uncoated 605 (2%) 0.015 (3%) 0.061 0.61 (2%)
45 °C,  
10 min

685 (5%) 0.014 (5%) 0.067 0.59 (1%)

45 °C,  
15 min

1043 (5%) 0.008 (2%) 0.073 0.49 (2%)

45 °C,  
20 min

2566(5%) 0.012 (5%) 0.056 0.69 (6%)

45 °C,  
30 min

1464 (4%) 0.003 (3%) 0.012 0.51 (7%)

Figure 7. SEM images of zinc phosphate conversion coatings 
obtained at 45 °C in phosphate solution with different immersion 
times: (a) 5 min and (b) 30 min.
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from the solution and drying them at ambient temperature, 
cracks progress on their surface and decrease the corrosion 
resistance of the coatings. In addition, the high immersion 
time give this ability to regenerated phosphoric acid to refine 
and damage the phosphate crystals. The EDX analysis of 
zinc phosphate coated steel electrode obtained by 20 min 
immersion in phosphate solution at 45 °C is presented in 
Figure 8 and the corresponding elemental analysis are obtained 
as O: 18.4, P: 6.1, Fe: 60.2 and Zn: 15.3%wt.

4. Conclusion

The corrosion behavior of phosphate conversion coatings 
applied on steel surface was investigated in 3.5 wt. % NaCl 
solution. This conversion coating improved the corrosion 

 
Figure 9. SEM images of zinc phosphate conversion coatings after polarization test obtained at 45 °C in phosphate solution with different 
immersion times: (a) 20 min and (b) 30 min.

Figure 8. EDS spectra of the phosphate conversion layer obtained by 20 min immersion in phosphate solution at 45 °C.

resistance of the steel due to the formation of barrier film. 
The potentiondynamic polarization studies showed that the 
anodic and cathodic currents were decreased and the polarization 
resistance increased in the presence of zinc phosphating. 
The phosphating temperature played an important role to 

Figure 9 shows SEM images of the surface of the zinc 
phosphate conversion coatings of steel electrodes after 
polarization test. Zinc phosphate coatings were obtained by 
45 °C operating temperature in different immersion times 
in coatings solution. As seen, more uniform coating surface 
is observed for coating obtained by 20 min immersion 
time which is due to the lower current in anodic branch of 
polarization. High immersion time lead to creating the internal 
stress which increases the pores and cracks and decreases 
corrosion resistance in corrosive solution.
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provide phosphate conversion coating and the best corrosion 
resistance was obtained with 45 ºC operating temperature. 
In addition, the corrosion resistance was increased with 
increasing the immersion time due to the increasing of the 

phosphate coating continuity and compactness. The results 
of SEM showed that the phosphate coatings, obtained from 
20 min immersion time ratio in 45 ºC operating temperature, 
were more uniform and continuous.
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