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Introduction 

Aluminum alloys, are used widely in aerospace industries due to their high strength to weight ratio. However, low corrosion 

resistance could be mentioned as a drawback for the aluminum applications. One of the common methods to enhance 

aluminum's corrosion resistance is utilizing conversion coating that are employed in aerospace industries and airplanes on the 

aluminum substrates. These coatings apart from decorating cause to improve corrosion resistance. This coating system 

comprises of a conversion coating as a primer, utilized to enhance the adhesion of the top coat to the substrate and a top coat. 

In this system, top coating can be epoxy matrix resins with hardening agents made from amines or polyamides [1,2]. 

 

Abstract  

Corrosion properties and phase analysis of zinc phosphate conversion coating (ZPCC) formed on the T6-6061 aluminum alloys, 

after immersion in phosphating bath containing various amounts of Co+2 (0, 5, 9, 13 g/L), was investigated by the mean of 

scanning electron microscope (SEM), electrochemical spectroscopy impedance (EIS) and potentiodynamic polarization technics 

(Toefl plots). Results showed that with increase in cobalt ion concentration to 9 g/L, crystals size reduced and pores on the surface 

decreased to lowest amount. So that impedance module of sample which is containing 9 g/L of cobalt ion, is almost 4 and 2 times 

greater than the pure sample and that which is containing 5 g/L of cobalt ions, respectively. Moreover, results of potentiodynamic 

polarization showed that incrimination of cobalt ion dosage lead to both decrease corrosion current density and shifts potential to 

positive amounts. 
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Corrosion inhibitors such as strontium chromate, usually add to primer or first coating to increase corrosion resistance. 

Epoxies commonly are employing as the top coat in aerospace coating systems [2]. 

 

Conversion coating treatment on the surface of the metal is one of the prevalent methods that increase the corrosion 

resistance [3-7]. Compared with another methods of coating, such as anodizing [8], electroplating [9], electrolysis plating 

[10], physical vapor deposition [11], sol-gel [12], chemical treatment is one of the most effective methods of surface 

preparation that has noteworthy advantages, for instances facility and low cost of coating operation[13,14].  

 

Chromate, anodized and zinc phosphate coatings can be noted as the conversion coatings [15]. Zinc phosphate coatings are 

used for many years as primer to increase adhesion of paints on the substrates of steel and aluminum [16-19]. Although 

conversion coatings have high corrosion resistance, utilizing Cr (VI) is confined because of toxicity issues [20]. ZPCC is one 

of most attractive chemical conversion coating methods that commonly is substituted as a primer coating on the steel and 

aluminum alloys, instead of chromate conversion coatings due to several advantages, such as low preparation cost, 

environmentally friendly and simplicity of operation [15]. 

 

Conversion coating process has electrochemical nature that starts with destroying oxides on the surface of the metal with the 

hand of an acidic solution. Nevertheless, electrolyte contacts with the metal surface directly so that during phosphate 

operation on the aluminum, following reactions occur. 

 

 Al→Al3
++3e-    (1) 

 2H++2e-→H2   (2a) 

                   NO−+10H++8e-→NH++3H2O   (2b) 

 

  

                  H3PO4↔H++H2PO4
−↔ HPO4

2−↔3H++PO3
−+3Co2

++2PO4
3−→Co3(PO4)2      (3) 

 
  

 

Solving aluminum in anodic local sites causes both H+ concentration decreases and finally increasing pH lead to shift the 

reaction (2b) to the right and prepare suitable condition to deposition of zinc phosphate (ZPO) [20]. The aim of adding 

additives to the phosphate bath is to modify coating characteristics. For example F- usually add to phosphate bath to increase 

etching rate and limiting free Al3+ ions in solution, because Al3+ has distracting effects on the growth of coating [21]. 

 

In order to achieve high quality phosphate coatings, several investigations have been done around the enhancing quality of 

coatings through utilizing nickel and manganese ions [22-25]. It Has been shown that adding metallic salts to phosphating 

bath has significant effects on the structure of zinc coating in a way that makes it smaller and denser[26]. Adding Co2+ to the 

phosphating bath would increase corrosion resistance of the ZPO coating applied on the [21,26]. Furthermore, it has been 

reported that adding Ni2+ to the phosphating, bath improves corrosion resistance of ZPO coatings applied on the aluminium-

2024 alloys [23]. Bajat et al. discovered that phosphate coating applied on the galvanized steel increased the adhesion 

strength of organic coating. Deflorian et al. reported that chromate conversion coating improved significantly the adhesion 
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strength of organic coatings. The influence of surface pretreatment on the steel by zirconium conversion coating on the 

adhesion performance and the cathodic delaminate of epoxy coatings was evaluated by Ghanbari et al. and it was shown that 

surface pretreatment increased the barrier properties, cathodic disbondment resistance and adhesion strength of epoxy 

coatings. 

 

The main aim of this study was investigating the effect of ZPCCs and cobalt ions in the phosphating bath, on the corrosion 

resistance of aluminum T6–6061. Actually in this study the main goal is to change the zinc phosphate coating’s surface by 

adding different amounts of cobalt ion to the phosphate bath that is expected to improve corrosion properties of zinc 

phosphate coating, because it is thought that the addition of cobalt ions can reduce the porosity and imperfections on the 

surface of the coating. In order to investigate the influence of cobalt ion on the formed coatings on the aluminum samples 

SEM, EIS and potentiodynamic polarization technics, were employed. The method of approach is in a such way that first the 

change in the surface of coating will be approved by SEM images, then the effect of this change on corrosion properties of 

zinc phosphate coating will be analyzed by EIS and potentiodynamic polarization technics, it is also valuable to be mentioned 

that electrochemical impedance spectroscopy is one of the most powerful method for investigating corrosion properties of 

coatings, which has been rarely used in similar works. In recent studies cobalt has been used gradually as additive in 

phosphate bath. 

 

Results showed that with increase cobalt ion amount to 9 g/L, crystals size reduce and surface porosity decreases to lowest 

amount. So that impedance module of sample which is containing 9 g/L of cobalt ion, is almost 4 and 2 times greater than the 

pure sample and that which is containing 5 g/L of cobalt ions, respectively. Moreover, results of potentiodynamic 

polarization showed that increasing cobalt ion concentration; tend to both decrease corrosion current density and shifts 

potential to positive amounts. 

 

Materials and Methods 

Materials 

 

TABLE 1. Chemical composition of 6061-T6 Al. 

Element Silicon Cobalt Copper Manganese Cobalt Chrome Zinc Titanium Aluminum Other 

Component 

amount (Wt%) 
0.4-0.8 0.7 

0.15-

0.4 
0.15 0.8-1.2 0.04-0.35 0.25 0.15 

95.85-

98.56 
0.15 

 

Preparation of substrate and phosphate coating treatment 

Aluminum samples with dimension of 150 × 50 × 1 mm were sanded until 2000 grade. The corner of sample was accurately 

sanded due to accumulation of electrical charge. After sanding, the samples were washed with deionized water and then were 

degreased in 25% NaOH solution for 3 minutes and washed in deionized water again. After that, samples were pickled in 

20% Nitric acid for 4 minutes. After preparation, samples were immersed in phosphating bath, which containing various 

concentration of cobalt ions. pH adjustment was done by adding NaOH to the electrolyte. The composition of used bath for 

phosphating treatment is presented in TABLES 1 and 2. The phosphating temperature was 85°C, treatment time was also 30 

min and the pH of the bath was about 2.5. In order to investigate the impact of cobalt ion concentration on the coating 

properties, different concentrations of cobalt ions was added to phosphating bath. 
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TABLE 2. Phosphating bath composition A) Without addition B) Containing cobalt (II) nitrate. 

Chemical compound                                      A                                      B 

H3PO4(ml/L) 9 9 

HNO3(ml/L) 2.5 2.5 

ZNO(g/L) 5.6 5.6 

NaNO2(g/L) 1 1 

NaF(g/L) 0.3 0.3 

Mg(NO3)2 - 5-3 

 

Microstructure and composition of coating 

Surface morphology of the coating was analyzed by the mean of scanning electron microscopy (Philips-XL30) and also 

composition of fabricated coating was characterized using X-ray diffraction method (XRD) with Co Kα radiation at 40 kW 

and a scanning speed of 100/min. 

 

Corrosion resistance evaluation 

Corrosion behavior of the fabricated coating at various concentrations of Co ions were evaluated using potentiodynamic 

polarization and EIS tests (EG&G model parstat 2263). All of experiments were done in three electrode cells, in which 

saturated calomel electrode (SCE) were employed as reference electrode. A platinum plate served as counter electrode and 1 

cm2 of substrate served as working electrode. EIS test was carried out after 1, 3, 7, 14, 21 and 28 days immersion in 3.5% 

NaCl solution and then, potentiodynamic polarization test was performed after EIS test. The EIS data were recorded at the 

OCP (open circuit potential) with a sinusoidal perturbation of 10 mV amplitude over the frequency range from 10-2 Hz to 

105 Hz. The polarization measurements were scanned from – 250 mV (relative to the OCP) to +250 mV (relative to the OCP) 

at a scan rate of 1 mV/s. the data were obtained by Powersuit software and finally bode and nyquist plot were analyzed using 

zviw2. 

 

Results and Discussion 

Phase analysis, microstructure and mechanism of action of cobalt ion on the forming of coating 

X-ray diffraction spectra of the samples coated in various dosages of cobalt ions has been displayed in FIG. 1. As it can be 

seen, most important phase in the composition of phosphate coating, is Hopeite phase, which has been noted in the recent 

researches around the phosphate bath coating as well [27-29]. In addition to Hopeite phase, Phosphophyllite is also may 

observe in X-ray diffraction spectrum in the ZPO coatings applied on the steel [30,31]. Despite Hopeite phase aluminum can 

be seen in x-ray diffraction that can be related to the low thickness of the phosphate coating (around 7 microns) formed on 

samples. Since X-ray can penetrate deep up to 15 microns, so that is whray has detected aluminum substrate. 

 

SEM results of the samples coated in different concentrations of cobalt ions has shown in FIG. 2, as well as samples coated in 

phosphating bath without cobalt ions. As it can be shown, the morphology of the phosphate crystals is flower-like and plate-

like. It is generally accepted that flower-like and plate-like crystals and needle-shaped crystals are characteristics related to 

Hopeite crystals (Zn3(PO4)2.4H2O) and Phosphophyllite crystals respectively [32]. It is possible to observe needle-shaped 
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crystals in zinc-cobalt phosphate baths [33] and zinc phosphate bath as well [34,35]. These phases were also observed in X-

ray diffraction spectra of the samples. As it shown in FIG. 2, the cobalt ions in the coating bath have significant effect on the 

coating morphology in a way that, coating formed in the bath without cobalt ions, has higher porosity, the surface has not 

covered completely by the crystals and crystals did not adhere to the surface properly. As it can be seen, with increasing 

cobalt ions concentration in coating bath, the surface porosity has decreased and the coating has become denser. With further 

incriminations in concentrations more than 9g/L (FIG. 2), it was observed that almost, the surface has covered completely by 

phosphate coating crystals and approximately no rough porosity detected on the surface. 

 

FIG. 1. The spectrum of the X-ray diffraction for phosphate coatings containing different amounts of cobalt ions. 

 

 

 

FIG. 2. Scanning electron micrographs of phosphate conversion coatings containing different amounts of cobalt 

formed a) without cobalt ion b) 5g/L c) 9g/L d) 13 g/L. 

 

This can affect impressively on the corrosion resistance of coatings. When the metal substrate with lower standard electrode 

potential immersed in a solution containing cations with higher standard electrode potential, the more Nobel metal could 

reduce spontaneously on the metal with more negative electrode potential. In this case reduction potentials and reactions of 

cobalt and aluminum ions are represented as follows: 

   Co2++2e-=Co      E=E0+0.0259 log [Co2+] (4) 
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   Al3++3e-=Al        E=E0+0.259 log [Zn2+] (5) 

 

 Standard reduction potential of cobalt and aluminum are -0.28 and -1.66 respectively, so they can react through following 

reaction: 

                       Co2++Al → Al3++Co+e-                                                                                                          (6) 

 

According equation 6 substrate dissolve easier, so that forming Hopeite would accelerate. As it can be observed in FIG. 1, 

with increasing concentration of cobalt ions of the coating bath, the peak height of X-ray diffraction spectra has increased; 

this can be related to the acceleration of the coating growth. A similar mechanism around impact the cobalt ions on the 

nucleation of Hopeite in galvanized steel phosphating have proposed by Yu Su et al. They also considered that with addition 

cobalt ions to the phosphate coating bath, the coating porosity on the galvanized steel will decrease, that can be relevant to 

more positive reduction potential of cobalt than that of zinc. Cobalt ions could tend to form thinner coatings, because it has 

proven that coatings formed in the phosphating baths containing cobalt and manganese are thinner than those of which 

formed without additives [18,21]. The rate of increasing solution pH at the alloy surface is slowed down powerfully by the 

sluggish solution kinetics of Ni2+ and Mn2+ ions than that by the Co+2 (verified experimentally), which lead to decline 

precipitation and form thinner coatings [36]. 

 

Electrochemical impedance spectroscopy (EIS) 

EIS method is used for evaluating the corrosion resistance [37]. This method shows the changes in the metal-coating 

interface in shorter times than conventional methods and results recorded from EIS provide comprehensive information about 

coatings [38]. The corrosion process usually starts with saturation of coating by water available in corrosive environment and 

ends with accumulation of corrosion products at the coating-substrate interface [37]. As it is shown, there are two semi-circle 

in high and medium frequency ranges for capacitor and a semi-circle in low frequency range for inductor in the Nyqiust plots 

of the samples. In some cases, it is difficult to distinguish semi-circles related to capacitor and even in some times in low 

frequencies, inductor semi-circle is not clear. However, the most accurate data fitting with the minimum error (chi-square), 

with two time constants is suggested using the equivalent circuit based on Nyqiust plots and EIS studies and researches of 

Duan et al. [39], Ghasmi et al. [40] (FIG. 3 and FIG. 4). In the suggested equivalent circuit, Re, CPE1-R1, CPE2-R2 

represents the electrolyte solution resistance, the constant phase element (due to the semi-circle bruise) phosphate coating 

resistance represent the constant phase element and the resistance of double layer respectively [41]. 

 

 

FIG. 3. Proposed equivalent circuit for fitting impedance data. 
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To obtain data fit that is more accurate and to consider roughness factor, the constant phase element is used instead of 

accurate capacitive element, so the impedance of constant phase element (CPE) can be described by the following formula: 

 

         ZCPE=1/T(jω)P  

 

In which T is CPE constant, ω is angular frequency (radian per second) and P is a variable changes between 0 and 1, so that if 

P=1, equation 1 equals to the impedance of the net capacitor and if P=0, it equals to the impedance of pure resistance [42]. 

To examine the impedance data precisely, the values of constant phase element can be converted to capacitive capacitance 

through the following formulation: 

 

       C=(CPE*R)1/n/R                                                                 

 

In which, C, CPE, R, n represent are capacitance, constant phase element, resistance and exponential power respectively [43]. 

In FIG. 5, the graph of extracted data from the described model in FIG. 3 is plotted vs. time. FIG. 5, state that R1 (phosphate 

coating resistance) is lower than R2 (double layer resistance). Decrease in R1 and R2 can attributed to penetrating corrosive 

solution through available pores of the coating and reaching to the substrate and then corroding it (5a, 5c), which gradually 

reduces the protective properties of coating [40]. However, it is possible that corrosion products over immersion time 

produce and fill the pores and cracks. Consequently, penetration of the electrolyte to the substrate is restricted and corrosion 

resistance would increase (5a, sample 1, 3, 4). It was observed that corrosion resistance declined again after 3 days. This can 

contribute to dissolving corrosion products and diffusion of electrolyte into the coating again. There are two semi-circles in 

FIG. 4 (the Nyqiust plots) for all the samples, high frequencies and a low frequencies curve. Semi-circle related to the high 

frequencies represents corrosion properties of the first layer (porous layer), while that of related to the low frequencies, shows 

the corrosion properties of barrier layer that are denser than surface layer. Consequently, the higher differences of curves 

(FIG. 4) at low frequencies in various immersion times are because of that the lower frequencies show the properties of inner 

part, which is close to the substrate and is denser than surface layer whereas high frequency's curve displays properties of 

outer layer which is far from substrate [39]. 

 

 

FIG. 4. Bode and Nyqiust plots related to a) without ion b) 5g/L cobalt ion c) 9g/L d) 13g/L in different immersion 

times (1, 3, 7, 14, 21, 28 hours) in the 3.5%NaCl. 
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With increasing immersion time, radius of high frequencies semi-circle would decline. As it can be seen in FIG. 4, the semi-

circle related to low frequencies, suggests that electrochemical reactions are progressing in the metal-coating interface. In 

other word in this stage, the diffusion through pores has accomplished and electrolyte contacts with metal-coating interface 

and corrosion cell is activated [44]. However, the second semi-circle radius of low frequencies has decreased, which shows 

an increment in the rate of corrosion through the creation and production of newer porosities, or to the increase in porosity 

and surface defects in coating [41]. Accordingly, the metal surface is completely covered. SEM results (FIG. 2) show that the 

surface of samples coated in phosphating bath, containing higher amounts of cobalt ions (9 and 13 g/L), are denser, have 

lower porosities and penetration within the pores towards the substrate is labored as well (4c, 4d). Increasing concentration of 

cobalt ions up to 9 g/L changes the morphology of coatings, in a way that make them denser and minimize the diffusion of 

electrolyte. Accordingly, impedance and corrosions resistance rise up to 10 times higher than the samples coated in bathes 

with lower cobalt ions dosage (FIG. 5a and 5c). FIG. 5 shows corrosion resistance changes of coating vs. time. Three Time 

regions are available in the FIG. 5, which represent different stage of the penetration of electrolyte through coating. Rcoat 

usually decreases over time owing to entrance of electrolyte into the coating. As it is shown in FIG. 5, for example, the 

coating resistance of sample 4 decreases from 8e4 to 6e4 ohm.cm2. In the next stage the resistance increases, because 

corrosion products would fill porosities and finally for long time of immersion, coating resistance decreases, due to diffusion 

of deionized water and chloride ions to the substrate-coating interface [45]. SEM results and impedance data of samples, 

show that increasing cobalt ion concentration decrease coatings porosity. Capacitance is one of the important parameters to 

measure the amount of water penetrated into the coating pores. Coating capacity is affected by penetration of electrolyte and 

corrosive ions into the coating pores, in a way that when the volume of defects and voids in the coating is large, capacity of 

coating would increase significantly over long exposure time. In some cases, after short immersion time in saline 

environment, coating capacity once increased and after a while decreased, that can attribute to the filling of defects by 

produced corrosion products (5b, 5d). It was observed that the increment of c1 in the early days of immersion is more than 

c2, owing to the porous structure of the surface layer, which diffusing electrolyte through and after a while, capacity has 

fallen more, because of blockage of pores by corrosion products. In the end times of immersion, when the coating is saturated 

with water and electrolytes, coating capacity stabilizes [46]. 

 

 

FIG. 5. Parameters resulted from fitting impedance data vs. immersion time A) phosphate coating resistance (R1) B) 

capacity of surface layer (C1) C) double layer resistance (R2) D) capacity of inner part of phosphate coating (C2). 
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In order to evaluate the effect of cobalt ion on the corrosion of coated samples, potentiodynamic polarization test was 

performed after 28 hours of immersion. FIG. 6 shows the influence of cobalt ions. As it seen, samples coated in bath without 

cobalt ions have potentials that are more negative, whereas by addition cobalt ion to the phosphating bath, the potential of 

samples is shifted toward positive values. This can contribute to decline in the cathodic reaction rate by increasing cobalt 

ions. As it mentioned before coating covers the surface completely and blocks the diffusion of corrosive species within pores 

and increases their number that tends to decrease corrosion, but further increment of cobalt ions up to 13g/L to the 

phosphating bath, have no further effects (FIG. 6). As it is shown the potential of both samples are same, that current density 

would decrease by raising cobalt ion concentration. It has proven that conversion coatings lead to change in anodic curve, 

while cathodic one does not change. This states that conversion coatings reduce the rate of anodic reaction more than 

cathodic one [47]. 

 

FIG. 6. Potentiodynamic polarization curves of the samples treated to the zinc phosphate solution at pH=2.5, T=85 C, 

t=10 min in different amounts of co
2+

 (0, 5, 9, 13 g/L) after 28 h. of immersion in the NaCl 3.5%. 

 

Conclusions  

1- Using of phosphate conversion coating as primer improves corrosion resistance of aluminum alloy. 

2- Adding 9 g/L of cobalt ions to the phosphate bath would impressively decrease surface porosities of phosphate 

coating. 

3- The 9 g/L of cobalt ion enhance corrosion resistance of aluminum owing to accelerate in growth of hopeiet crystals. 

4- Increment in dosage of cobalt ions up to 13 g/L has not significant effect on improvement of corrosion resistance of 

aluminum. 

5- The EIS results also show that by adding cobalt ion up 9 g/L to the phosphate bath, the impedance module has 

increased roughly 9 times than phosphate coating without ion one. 
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