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Abstract - In this work, a composite coating consisting 

of strontium phosphate conversion coating and hybrid 

sol-gel layer was prepared on AM60B magnesium 

alloy. Hybrid sol-gel coating obtained from 

tetraethylorthosilicate (TEOS) and 3-

glycidyloxypropyl-trimethoxysilane (GPTMS) as 

precursors by the traditional acid catalyzed hydrolysis 

and condensation, and finally deposition by dip coating 

techniques. The morphology and the structure of the 

conversion and sol–gel films were characterized with 

Scanning Electron Microscopy (SEM). The corrosion 

protection efficiency of the conversion coated and 

composite coated alloy samples was evaluated by 

recording potentiodynamic polarization curves and 

electrochemical impedance spectra in 0.05M NaCl 

environment. Results showed that the corrosion 

resistance of the Mg alloy could be significantly 

improved by the composite coating. The increased 

corrosion protection is assumed to be due to the 

additional layer of sol–gel, which covers pores and/or 

defects in the bottom conversion layer and prevents 

corrosive ions from transferring or diffusing to the 

magnesium alloy substrate.    

 

1. Introduction 

Magnesium alloys are the lightest metallic structural 

materials. Despite their good mechanical properties 

such as high strength to weight ratio, magnesium alloys 

have found limited application mainly due to their poor 

corrosion resistance[1].Hence, improving corrosion 

resistance by depositing thin organic, inorganic or 

hybrid films may expand the application areas of the 

Mg alloys[2]. Silane coating which can be obtained by 

sol-gel method can provides corrosion protection in 

addition to surface functionality, improving the 

compatibility of the metallic substrate with the painting 

systems[3]. Sol–gel technology also provides the 

advantages of low cost, simple formulation chemistry 

and flexibility of application method for coating 

complex geometries, e.g., dip, spray, etc[4]. 

On the other hand, the high reactivity of the 

magnesium substrate in aqueous media manifests itself 

when the sol contains a large portion of water, 

complicating the preparation of homogeneous coatings 

without pores and defects [5]. Therefore, in order to 

avoid this disadvantage, one of the measures is to apply 

a conversion coating to cover on the magnesium 
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substrate before the sol-gel coating. However, to the 

best of our knowledge, composite coatings based on 

conversion coating have rarely reported [6,7]. 

In this work, we have successfully fabricated the sol -

gel/ strontium phosphate (Sr-P) conversion coating 

composite film with highly improved anti-corrosion 

properties on AM6B magnesium alloy. Composite 

coating was applied on the alloy surface by two steps: 

(i) conversion coating and (ii) a top hybrid sealing 

layer formed by sol–gel method. The morphology of 

the sol–gel coating and the conversion layer was 

separately investigated. Then, the anti-corrosion 

properties of conversion coating and conversion/sol–

gel composite coating are investigated by 

potentiodynamic polarization and Electrochemical 

Impedance Spectroscopy (EIS). 

 

2. Material and Methods 

The AM60B magnesium alloy samples were polished 

with emery papers up to 1000 grit. Then, the samples 

were washed with water and ultrasonically degreased 

with acetone. 

To produce conversion coating, an acidic solution 

(activator) containing 10 g L-1 sodium nitrate (NaNO3) 

and 1mL L -1 phosphoric acid (H3PO4) was firstly used 

at 20˚C for 2 min to partially remove the Mg matrix 

from the surface. Then, an alkaline treatment (200 g L-

1NaOH) was exploited. The samples were then 

immersed in 0.1M citric acid (C6H8O7) solution for 10 

s to dissolve the Mg(OH)2 film produced by alkaline 

treatment. Afterward, the pretreated specimens were 

immersed into a conversion coating solution 

containing 0.1M strontium nitrate, and 0.06M 

ammonium dihydrogen phosphate, at 65˚C for 30 min. 

The pH was adjusted with nitric acid to 3. The silane 

sol was synthesized by mixing of 

tetraethylorthosilicate (TEOS), 3-glycidyloxypropyl-

trimethoxysilane (GPTMS) and acidic water 

(hydrochloric acid with pH~1) in a molar ratio of 0.04: 

0.02: 1.23. The solution was stirred magnetically for 

30 min. The sol–gel film on metallic substrate was 

applied by a dip-coating procedure with a withdrawn 

arte of 10 cm min-1. Then the samples were dried in 

oven (for 2 h in 60 °C) to slow evaporation of solvent. 

Finally, the oven temperature was increased with a rate 

of 2 °C min-1 to kept the coated samples at 130 °C for 

about 1 h. 
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The surface and cross-sectional morphologies of the 

coated samples were observed using SEM instrument 

(LEO, VP 1430) at high vacuum and 15 kV. For 

corrosion resistance evaluation of the samples, 

potentiodynamic polarization and EIS measurements 

were performed with a μautolab3 Potentiostat-

Galvanostat. All electrochemical measurements were 

conducted in 0.05 M NaCl solution at room 

temperature using a conventional three-electrode cell 

with a saturated Ag-AgCl electrode as the reference 

electrode and a platinum plate as the counter electrode. 

For the potentiodynamic polarization test, potential 

scanning at a rate of 1 mV/s around the corrosion 

potential (Ecorr) were performed after the EIS 

measurements. EIS tests were carried out by applying 

10 mV sine wave ac voltage over the frequency range 

from 100 kHz to 100 mHz at the open circuit potential 

after 1 h hold time in the corrosive electrolyte. 

 
3. Results and discussion 
The surface morphology of the AM60B alloy covered 

by a crystalline Sr–P film can be seen via SEM Fig. 

1(a). These cauliflower-like particles consisted of long 

flakes and displayed a broad size distribution. SEM 

image for the composite coating is shown in Fig. 1(b). 

It can be seen that the conversion coating completely 

sealed with the sol–gel coating. The composite coating 

is uniform, smooth and also free from any pores, cracks 

or defects. The cross-section of the sample Fig. 1(c) 

shows that the thickness of the hybrid sol–gel coating 

is around 1.3 μm. 

In order to characterize the general corrosion 

properties of the composite coating, the 

potentiodynamic polarization curves were recorded 

after 1 h immersion in 0.05 M NaCl solution. 

Morphology of the surface of the polarized composite 

coating after 1 h immersion is shown in Fig. 1(d). The 

coating was crack-free with few enlarged pores on the 

surface. Fig. 2 shows the potentiondynamic 

polarization curves of the bare, conversion coated and 

composite coated samples. The values of corrosion 

potential (Ecorr), polarization resistance (Rp), anodic 

and cathodic Tafel slopes (ba and bc respectively) and 

corrosion current density (jcorr) were extracted from the 

Tafel curves and shown in Table 1. In comparison to 

the bare alloy sample, composite coating succeeded in 

reducing the corrosion current density by about sixty 

folds of magnitude. In fact, the corresponding 

polarization curve was shifted towards noticeably 

lower anodic and cathodic current values than those of 

the electrodes treated only with conversion coating and 

uncoated sample at all the applied over-potentials. This 

result indicates that the composite coating improves 

the resistance of the alloy sample against corrosion 

which is related to formation of smooth and compact 

sol-gel film as was observed by the SEM. 
 

 

 

 
 

 

 

 

 

 

 Bare 
Conversion 

Coating 

Composite 

Coating 

Ecorr (V) -1.43 -1.70 -1.63 

Rp  (kΩ.cm2) 6.395 8.215 568.46 

ba (mV.dec-1) 81.3 159 138.8 

bc (mV.dec-1) 80.5 87.1 101.2 

jcorr  (nA.cm-2) 2748 2974 44.7 

Table1. Polarization parameters for the bare, conversion and 
composite coating 

d 

a 
 

b 

 

c 

 

Fig.1. Surface images of strontium phosphate conversion coating (a),  

SrP /sol–gel composite coating (b), cross-sectional image of 

composite coating (c), and composite coating after corrosion test (d) 
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Electrochemical impedance spectroscopy 

measurements, which provide a quantitative estimation 

of coating degradation and corrosion processes, were 

carried out to estimate protective abilities of the 

conversion coating and the composite coatings on the 

AM60B magnesium alloy. The EIS plots obtained for 

the bare, conversion coated and composite coated 

samples during immersion in 0.05M NaCl are 

presented in Fig. 3. 

Impedance curves of all samples are composed of two 

capacitive loops at both high and medium frequency 

regions and a pseudo-inductive tail at low frequencies. 

The results of fitting the experimental data, using the 

circuits given in Fig. 3, are presented in Table 2. To 

explain the deviations from the non-ideal behavior of 

the system, constant phase element (CPE) is used 

instead of an “ideal capacitor”. The impedance of CPE 

is as follows ZCPE = 1/Q(jω)n, where Q is the pseudo 

capacitance, j is the imaginary function (√−1), ω is the 

angular frequency and n corresponds to the deviation 

from the ideal behavior of a pure capacitor. The spectra 

revealed two time constants (Rf–CPEf and Rct− CPEdl) 

corresponding to the resistance and capacitance of the 

surface film and the double layer respectively. Rf and 

Rct has been increased significantly in composite 

coated alloy specimens that indicate the sol–gel 

applied on conversion coating  has improved the 

charge transfer and surface film resistance, and 

subsequently enhanced its corrosion resistance.  

 

 
 

 

 
 

Also decrease of CPEf and CPEdl is observed for sol–

gel coating. This is due to the fewer water absorption 

results from lower porosity of  the composite film. 

 

4. Conclusions 
Strontium phosphate conversion coating solution 

forms a porous crystalline layer on the AM60B alloy 

surface which allows a rapid electrolyte uptake. 

Sealing of the Sr-P conversion coating with hybrid sol-

gel layer renders the composite coating less porous and 

defective and thus more protective. The hybrid sol–gel 

coating can totally covers the defects produced on the 

Sr-P conversion coating as can be seen from the SEM 

image. Sol gel layer acts as suitable barrier against 

corrosive solution due to its thick and compact 

structure. The corrosion current density of the 

composite coating, as determined by polarization test, 

was significantly lower than the bare and Sr-P coated 

samples. Significant difference was found in 

impedance plots of the composite coating in 
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 Fig.2. Potentiodynamic polarization curves of the bare alloy, 

conversion coating and composite coating  

 Fig. 3. Nyquist  plots of the bare alloy(a), conversion coating (b) and composite 
coating (d) with the appropriate equivalent circuit  

 Bare 
Conversion 

Coating 

Composite 

Coating 

CPEdl (μSnΩ-1cm2) 7.99 13.07 0.16 

ndl 0.9218 0.8118 0.7394 

Rct  (kΩ.cm2) 3.6 6.9 355.6 

CPEf ( mSnΩ-1cm2) 1.19 0.45 0.0035 

nf 0.8731 0.8961 0.9023 

Rf  (kΩ.cm2) 1.6 2.4 296.6 

Table2. Quantitative impedance parameters for 

the bare, conversion coating and composite 
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comparison with the conversion coating and uncoated 

sample after 1h immersion in the corrosive solution. 

Thus, it is reasonable that the composite coating holds 

a good anti-corrosion ability for magnesium alloy. 
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