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Abstract 

Magnesium phosphate (Mg-P) conversion coatings were prepared on AZ31 

magnesium (Mg) alloy to improve its corrosion resistance. The effect of pH value (2.5, 

3.0, 3.5 and 4.0) and preparation temperature (40°C, 60°C and 80°C) on the formation of 

conversion coatings was investigated in this study. The formation mechanism of Mg-P 

conversion coating is first proposed and investigated by predominance area diagram of 

Mg phosphates. The morphologies, compositions and cross-section morphologies of 

coated samples were analyzed by scanning-electron microscopy (SEM), energy-

dispersive spectrometry (EDS), X-ray photoelectron spectroscopy (XPS) and X-ray 

diffractometry (XRD). Electrochemical impedance spectroscopy (EIS) and 

potentiodynamic polarization (PDP) measurements were conducted to evaluate the short-

term corrosion resistance of coated samples in Hanks’ solution at 37°C and pH 7.4. In 
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addition, a 5-day immersion test was carried out to evaluate their long-term corrosion 

resistance. It was found that temperature affected the corrosion performance of coated 

samples more significantly than pH value, and the coating formed at 80°C-pH 3.0 offered 

the best corrosion resistance in Hanks’ solution at 37°C and pH 7.4. The formation 

mechanism of Mg-P coating was elucidated with reference to the pH value and Mg2+ ion 

concentration at different regions in the conversion solution according to the 

predominance area of magnesium phosphates. The microstructure of conversion coating 

suggests that it consisted of a precipitated outer layer and an in-situ grown inner layer. 

Compared with the crystallized outer layer, the dense inner layer contributed more to the 

corrosion resistance of the coated samples in Hanks’ solution. Moreover, the corrosion 

mechanism of different samples including bare AZ31 Mg alloy and coated samples was 

discussed. 

 

Keywords: AZ31 Magnesium alloy; Phosphate conversion coating; Corrosion 
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1. Introduction 

Since magnesium (Mg) alloy was first used as the biomaterial in 1878 [1], the potential 

application of Mg alloys as biomaterials has attracted the attention of numerous 

researchers due to their excellent cell biocompatibility and biomechanical compatibility. 

Mg-based biomaterial, as a promising candidate for degradable biomaterial, has a density 

(approximately 1.7-2.04 g/cm3) similar to that of human cortical bone (1.8-2.1 g/cm3) 

[1,2]. The elastic modulus of Mg alloys (41-45 GPa) is much closer to that of human 

cortical bone (3-20 GPa) compared with conventional orthopedic implant alloys such as 

stainless steels (190 GPa), cobalt-chromium alloys (200-300 GPa) and titanium alloys 

(110-116 GPa) [3]. This can effectively reduce the occurrence of the stress shielding 

[1,2,4,5] and stimulate the injured bony tissues in the healing responses [6-9]. Besides, 

compared with conventional alloys for bone fixation in fracture surgery, Mg-based alloys 

are degradable in physiological environment and can be excreted through urine, thus 

avoiding a second surgery to remove the implant or device [4,10-14] when bone healing 

is completed. [15]. In fact, as a human essential element, the recommended daily intake 

of Mg for a normal adult is about 300 ~ 400 mg [16]. In addition, Mg promotes bone 

tissue healing [17] via binding with phosphates, promoting the mineralization process of 

bony tissue and forming hydroxyapatite or calcium phosphate [5,18]. Despite the 

desirable mechanical and biological compatibility of Mg alloys as an orthopedic implant 

material, it is susceptible to rapid corrosion in physiological environment and this largely 

limits its application as implants. The rapid corrosion of Mg-based implants in the human 

body can cause accumulation of subcutaneous hydrogen gas (H2), formation of 

subcutaneous gas cavities and separation of implants and tissue [11,19,20], which can 

directly result in surgery failure [21,22]. Alkalization, which always accompanies the 
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hydrogen evolution reaction, may cause alkaline poisoning if the pH value of the tissue 

microenvironment exceeds 7.8 [11]. Moreover, the rapid corrosion of Mg alloys not only 

results in hydrogen gas and alkalization but also rapidly decreases the mechanical strength 

of the implants and might untimely result in premature failure [23].  

In order to increase the corrosion resistance of Mg alloys, numerous researchers have 

put a good deal of effort to address the issue through various approaches, such as addition 

of alloying elements, microstructure modification and surface modification [23-25]. 

Surface modification of Mg alloys for enhancing corrosion resistance includes conversion 

coating [26-29], micro-arc oxidation (MAO) [30,31], sol-gel coating [32], physical vapor 

deposition (PVD) [33,34], chemical vapor deposition (CVD) [35] and polymer coating. 

These methods, each with its own special features, are expected to form corrosion-

resistant layers and lower the corrosion rate of Mg alloys [23]. Compared with other types 

of coatings on Mg alloy, conversion coating is a relatively simple and effective way to 

improve the corrosion resistance of Mg alloy. Phosphate conversion coating as an 

environment-friendly surface modification technique has been reported in numerous 

studies, employing calcium phosphate (Ca-P) [36,37], zinc phosphate (Zn-P) [38,39], 

manganese phosphate (Mn-P) [40], magnesium phosphate (Mg-P), and magnesium 

fluoride (MgF2) [27]. However, reports of Mg-P conversion coating on Mg alloy in the 

literature are mainly for non-implant applications. For example, Ishizaki et al. [41] and 

Phuong et al. [42] reported the corrosion behavior of magnesium phosphate coating on 

magnesium alloy AZ31 in 3.5 wt.% NaCl aqueous solution at room temperature, which 

is not for applications as implants. Thus, in the present work, fabrication of Mg-P 

conversion coating on AZ31 and its corrosion behavior of in Hanks’ solution, which is a 

simulated body fluid, will be studied in detail. In addition, the effect of pH value and 
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temperature of the conversion coating solution on the formation behavior of phosphate 

coatings on Mg alloy will also be elucidated.  

 

2. Experimental procedures 

2.1. Materials and preparation 

Commercial extruded AZ31Mg alloy with the composition of 3.1wt% Al, 0.9wt% Zn, 

0.1wt% Mn and Mg balance was used as the substrate in this study. Rectangular sample 

of dimensions 15 × 15 × 5 mm were cut and mechanically polished with sandpaper from 

#360 to #2000 grit. All samples were ultrasonically cleaned in acetone for 5 min to 

remove grease and contamination on the surface before subsequent experiments. The 

samples were treated in phosphate conversion coating solutions for 10 min. To study the 

effect of pH value and temperature on the quality of phosphate coatings, four pH values 

(2.5, 3.0, 3.5 and 4.0) and three treatment temperatures (40 °C, 60 °C and 80 °C) were 

used, resulting in a total of 4 × 3 = 12 preparation conditions. The compositions of the 

four coating solutions were shown in Table 1.  

 

Table 1 

Compositions of the magnesium phosphate conversion coating solutions 

pH Chemical composition (mol/L) 

H3PO4 Mg(NO3)2 NaOH H2O 

2.5 0.5 0.5 Balance Balance 

3.0 0.35 0.35 Balance Balance 

3.5 0.2 0.2 Balance Balance 

4.0 0.1 0.1 Balance Balance 

 

 

2.2. Microstructural characterization and compositional analysis  
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The surface morphologies, cross-section morphologies and chemical compositions of 

the conversion coatings were studied using scanning-electron microscope (SEM, Tescan 

Vega3) equipped with energy-dispersive spectrometer (EDS, Oxford Instruments, UK). 

The surface elemental composition of the conversion coating was characterized by X-ray 

photoelectron spectroscopy (XPS). XPS measurement was conducted using an 

ESCALAB 250 xi spectrometer (Thermo Fisher, USA) with a constant 20 eV pass energy 

and a 45° take-off angle. The XPS spectrometer was equipped with a monochromatic Al 

X-ray source (1486.6 eV). The measured binding energy values were calibrated by the 

standard binding energy of C1s peak (248.8 eV). Quantitative XPS analysis was 

performed by using commercial software Advantage. The phase compositions of different 

conversion coatings were determined using X-ray diffraction (XRD, Rigaku Dymax, 

Japan) with Cu Kα (λ = 0.154178 nm) radiation at 20 mA and 40 kV. The XRD patterns 

of conversion coatings were collected from 2 = 10° to 60°, with a scanning rate of 4°/min. 

 

2.3. Thermodynamic calculations 

Predominance area diagram is commonly used to determine the formulation of 

conversion solution [42-44]. The thermo-equilibrium predominance area diagram was 

obtained using software MEDUSA (Make Equilibrium Diagrams Using Sophisticated 

Algorithms) according to the database HYDRA (Hydro Chemical Equilibrium Constant 

Database). Even the predominance area diagram is established at room temperature, it is 

still meaningful and helpful for investigating and understanding the formation mechanism 

of conversion coatings [45]. 

Fig. 1 shows the predominance area diagram for the precipitation of Mg phosphates, 

which varies with pH value and the concentration of Mg2+ ions. In the present study, the 
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concentration of PO4
3- ions was set at 0.5, 0.35, 0.2 and 0.1M respectively. It is obvious 

that the corresponding points of conversion solution concentrations were near the 

boundaries of MgH2PO4
+/MgHPO4·3H2O (s).  

 

Fig. 1. Predominance area diagram for the precipitation of Mg phosphates. 

 

2.4. Electrochemical tests  

Open-circuit potential (OCP), electrochemical impedance spectroscopy (EIS) and 

potentiodynamic polarization (PDP) tests were conducted in Hanks’ solution at pH value 

of 7.4±0.2 and temperature 37±0.5°C using an electrochemical station (Versa STAT3, 

Princeton Applied Research) in a traditional three-electrode cell. The composition of 

Hanks’ solution is listed in Table 2 [46]. Sample with an exposed area of 1 cm2, a platinum 

plate with an exposed area of 1 cm2 and a saturated calomel electrode (SCE, E = +236 

mV (vs. SHE) at T = 37±0.5°C) served as the working electrode, counter electrode and 

reference electrode, respectively in the cell.  

Before the EIS tests and PDP tests, the samples were immersed in Hanks’ solution for 

30 min to reach a stable OCP. EIS measurement was carried out from 100 kHz to 10 mHz 

at a recording rate of 5 data-points per decade, with an AC amplitude of 10 mV at OCP. 

The EIS data were analyzed and fitted using software ZSimpWin. PDP test was conducted 
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by scanning the potential from -200 mV (vs. OCP) towards the anodic direction with the 

scan rate of 1 mV/s. Important corrosion parameters including the corrosion potential 

(Ecorr), pitting corrosion potential (Epit), ΔE (ΔE= Epit - Ecorr), corrosion current density 

(icorr), the slope of anodic branch (ba) and the slope of cathodic branch (bc), were extracted 

from the polarization curves.  

 

Table 2 

Composition of Hanks’ solution.  

Chemical NaCl KCl NaHCO3 MgSO4·7H2O Glucose CaCl2 KH2PO4 Na2HPO4·2H2O 

Concentration 

(g/L) 
8 0.4 0.35 0.2 1 0.14 0.06 0.06 

 

2.5. Immersion test 

Long-term immersion tests (5 days) were conducted to investigate the corrosion 

behaviors of all coated samples. All samples with exposed areas of 2.2 cm2 were 

immersed in 300 ml of Hanks’ solution at 37±0.5°C and buffered at pH = 7.4±0.2. During 

the immersion test, the hydrogen gas evolved from each sample was collected by a burette 

and the volume was recorded every 12 h. For better accuracy, 3 replicates for each type 

of sample were used. After the immersion test, macro morphologies of the coated samples 

were studied using an optical microscope. 

 

3. Results 

3.1. Coating characterization 

The SEM surface morphologies of coated samples, as shown in Fig. 2, suggest that the 

temperature and pH value of the conversion solution significantly affected the 
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morphological characteristics of conversion coatings. At a fixed preparation temperature 

of 40°C (corresponding to micrographs in the first row of Fig. 2), the conversion coating 

consisted of dense flower-like columnar crystals (for solution pH = 2.5), fine equiaxial 

crystals (for solution pH = 3.0), dense thick plate crystals (for solution pH = 3.5) and 

loose thin plate crystals (for solution pH = 4.0). When the preparation temperature was 

elevated to 60°C (second row in Fig. 2), the conversion coating prepared at pH 2.5 

consisted of short columnar crystals while the coatings prepared at pH 3.0, 3.5 and 4.0 

were similar and consisted of compact equiaxial crystals. All of the conversion coatings 

prepared at 80°C consisted of compact equiaxial crystals at all pH values and had larger 

crystals compared with those prepared at 40°C and 60°C. 

 

Fig. 2. SEM surface morphologies of coated samples prepared at 40°C, 60°C and 80°C 

in conversion solution with different pH values (2.5, 3.0, 3.5 and 4.0) (Scale bar is 20 

μm). 
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The cross-section morphologies and the thickness of coatings prepared at different 

combinations of temperature and pH values are shown in Fig. 3. The thickness of coatings 

prepared at 40°C was about 14 ~ 15 μm. When the preparation temperature was increased 

to 60°C, the thicknesses of conversion coatings increased to about 22 ~ 27 μm. Coatings 

prepared at 80°C were thicker, with thicknesses ranging from 32 μm to 41 μm. This 

indicates that elevating the preparation temperature is an effective way to increase the 

thickness.  

Comparing the surface morphologies (Fig. 2) and cross-section morphologies (Fig. 3), 

it can be concluded that both the pH value and temperature affect the morphologies of 

conversion coatings directly. At low temperature (40°C), with the increase of pH value 

(corresponding to decreased concentrations of Mg2+and PO4
3-), conversion coatings 

changed from dense columnar crystals to loose and thin plate-crystals, indicating that the 

pH value and ions concentration played crucial roles in influencing crystal morphology. 

With the increase of preparation temperature, the effect of pH value and ions 

concentration on the surface crystal morphology was reduced, suggesting that the 

preparation temperature directly determined the thickness of conversion coatings.  
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Fig. 3. Cross-section morphologies of coated samples (Scale bar is 100 μm.) 

 

3.2. Coating composition 

The EDS results for the surface compositions of conversion coatings prepared at 40°C 

and different pH values are shown in Fig. 4. It is clear that the compositions of coatings 

were similar within experimental errors. Through comparison of the proportional 

relationship of element Mg, P and O, it can be concluded that the ratio of Mg/P/O was 

about 1/1/4 and the probable main phase of conversion coatings was MgHPO4.  
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Fig. 4. EDS results and corresponding tested area of coated samples: (a) 40°C-pH 

2.5, (b) 40°C-pH 3.0, (c) 40°C-pH 3.5 and (d) 40°C-pH 4.0. (Scale bar is 40 μm.) 

 

To investigate the phase compositions of the conversion coatings, XRD analysis of 

coated samples prepared at 40°C and different pH values and the substrate AZ31 Mg 

alloy was conducted and the results are shown in Fig. 5. Distinct diffraction peaks of Mg 

can be observed in the XRD patterns of AZ31 Mg alloy. It is obvious that clear diffraction 

peaks of MgHPO4·3H2O appear in the XRD patterns of the conversion coatings, 

compared with that of Mg alloy, suggesting that the phase of MgHPO4·3H2O was the 

main component of the conversion coatings. The XRD patterns of conversion coatings 

prepared with different pH values are similar to each other, indicating that the 

compositions of conversion coatings were not affected by pH value or ions concentration 

under these experimental conditions. 

With the increase of pH value, some changes can be observed among the XRD patterns 

shown in Fig. 5. It can be explained by the predominance area diagram for the 

precipitation of Mg phosphates given in Fig. 1. There is a band region of precipitation of 

MgHPO4·3H2O (s) corresponding to the pH value from about 3.5 to 9. Though the pH 

value of substrate/solution interface was slightly higher than that of the conversion 

solutions, except for the precipitation of MgHPO4·3H2O, the condition at the interface 

did not favor the formation of other precipitations such as Mg3(PO4)2 or Mg(OH)2, since 

these require the pH value to reach about 9 at least.  
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Fig. 5. The XRD patterns of substrate Mg alloy and conversion coatings prepared at 

40°C.  

 

The chemical composition and element binding stages (binding energies) of the coated 

sample prepared at 40°C-pH 3.0 were investigated by XPS analysis. P2p, Mg1s, O1s and 

the survey XPS spectra of the conversion coating are shown in Fig. 6. Mg1s, Mg2p, P2s, 

P2p and O2s peaks, which can be observed easily on the survey spectrum as shown in 

Fig. 6(a), indicate that Mg(HPO4)2, MgHPO4 or Mg3(PO4)2 may form in the conversion 

coating. For further investigation of the binding status, high-resolution XPS spectra of 

P2p, Mg1s and O1s are given in Fig. 6(b), (c), and (d). According to the possible 

composition of the conversion coating, all high-resolution XPS spectra were divided into 

several corresponding peaks through deconvolution fitting using the software Avantage. 

The P2p spectrum (Fig. 6(b)) was divided into a higher peak at about 133.8 eV and a 

lower peak at about 134.7 eV which are assigned to the HPO4
2- radical of MgHPO4 and 

the H2PO4
- radical of Mg(H2PO4)2 respectively [47-50]. It is clear that element P is mainly 

contained in MgHPO4, corresponding to the result of XRD patterns (Fig. 5). Since some 

residual conversion solution, which contained Mg(H2PO4)2, remained on the surface of 
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conversion coating, a little amount of Mg(H2PO4)2 was detected in the P2p spectrum. The 

fitting result of Mg1s spectrum shows the MgHPO4 peak at about 1304.3 eV and the 

Mg(H2PO4)2 peak at 1306.0 eV respectively, indicating that Mg is mainly contained in 

MgHPO4 with a small amount in Mg(H2PO4)2 [48,51]. The O1s spectrum, as shown in 

Fig. 6(d), is deconvoluted into three peaks at about 531.2, 531.9 and 533.4 eV. The peaks 

at about 531.2 and 531.9 eV are interpreted as oxygen in Mg(OH)2 and P=O radical 

respectively [47,52-54]. The peak at 533.4 eV may be assigned to P-OH radical and H2O, 

which is in the form of crystallization water [53]. Besides, a small peak of Mg(OH)2 

appears in the spectrum of O1s, while no distinct peak can be assigned to Mg(OH)2 in the 

Mg1s spectrum. This implies that except MgHPO4 and Mg(H2PO4)2, only a very little 

amount of Mg(OH)2 was formed on the surface of conversion coating and hard to detect. 

The composition of conversion coating determined from the XPS is consistent with the 

results of XRD analysis.  
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Fig. 6. XPS spectra of conversion coating on AZ31 Mg alloys (a) Survey XPS 

spectrum and high-resolution spectra of (b) P2p (c) Mg1s (d)O1s 

 

3.3. Corrosion tests  

3.3.1. OCP measurement 

Open-circuit potential (OCP) measurement was conducted before other 

electrochemical tests (electrochemical impedance spectroscopy (EIS) and potential 

dynamic polarization (PDP) measurement), in order to ensure the tested working 

electrode was electrochemically stable. The immersion time of OCP test was set as 30 

min and the OCP values are depicted in Fig. 7. As shown in Fig. 7(a), after about 600 s 

of immersion, the OCP curve of AZ31 Mg alloy stabilized at around -1.59 V. Compared 
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with AZ31, the stabilized OCP of other samples (40°C-pH2.5, 40°C-pH3.0, 40°C-pH3.5 

and 40°C-pH4.0) were lower and varied from -1.65 V to -1.75 V. If the conversion 

coatings were prepared at 60°C, as shown in Fig. 7(b), the steady OCP values were in the 

range of -1.45V ~ -1.60V. With further increase of preparation temperature to 80°C, the 

steady OCP values were in the range of -1.50 V ~ -1.65 V, similar to that of samples 

prepared at 60°C.  

 

Fig. 7. OCP curves of bare and coated samples prepared at (a) 40°C (b) 60°C and (c) 

80°C. 

 

3.3.2. EIS measurement 

After the OCP test, electrochemical impedance spectroscopy (EIS) measurement was 

conducted and the test results are presented in Fig. 8 (Nyquist plots) and Fig. 9 (Bode 
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plots). In order to further elucidate the corrosion characteristics and differences among 

samples, electrochemical equivalent circuit (EEC) models were introduced to analyze the 

EIS results. According to the corrosion mechanism and microstructure of uncoated and 

coated Mg alloy samples, two EEC models (shown in Fig. 10) were used to simulate the 

electrochemical processes and to fit the EIS data. The circuit description code (CDC) was 

introduced to represent and describe the EEC models. Because of the time-constant 

dispersion effect [55], a constant-phase element (CPE) was introduced to replace the 

capacitance (C) in EEC models and the impedance of CPE can be described as 

ZCPE=[Y(j2πf)n]-1 (where n and Y are parameters associated with a CPE. When n = 1, Y 

has the unit of a capacitance). The CDCs of Rs (CPEfRf)(CPEdlRct) and Rs (CPEout (Rout 

(CPEinRin)(CPEdlRct))) represent the EEC model (a) and model (b) as shown in Fig. 10(a) 

and (b) respectively. In the schematic diagram of EEC (Fig. 10), Rs is solution resistance 

between the reference electrode and the working electrode, Rf and CPEf are the resistance 

and constant phase-element pertaining to the corrosion product film (or Mg(OH)2 layer) 

[56] on AZ31. Rct is the charge transfer resistance of AZ31, CPEdl is the constant phase-

element of the double-layer on the interface of AZ31/electrolyte. As the Mg(OH)2 layer 

is loose and porous, a series combination of Rs, (CPEfRf) and (CPEdlRct) is used as the 

EEC model in (a). Rout and CPEout are the resistance and constant phase-element of the 

conversion coating outer layer, while Rin and CPEin correspond to the conversion coating 

inner layer.  
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Fig. 8. Nyquist plots of coated samples prepared at (a) 40°C (b) 60°C (c) 80°C and (d) 

AZ31 Mg alloy  
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Fig. 9. Bode plots of coated samples prepared at (a) 40°C (b) 60°C (c) 80°C and AZ31 

Mg alloy. 

 

 

Fig. 10. EEC models of (a) AZ31 Mg alloy and (b) coated samples in Hanks’ solution.  
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The fitting results of EIS data are listed in Table 3. In EEC model (a) and model (b), 

the relationships between Rp (polarization resistance) and other resistances can be 

described by Eqs. (1) and (2) respectively. 

𝑅𝑝 = 𝑅𝑓 + 𝑅𝑐𝑡                   (1) 

𝑅𝑝 = 𝑅𝑜𝑢𝑡 + 𝑅𝑖𝑛 + 𝑅𝑐𝑡      (2) 

 

Table 3  

Values of circuit elements in the EEC models from the fitting EIS data. (Units of R and 

Y are (Ω·cm2) and (Ω−1·cm−2·sn) respectively) 

 
Rs 

CPEout 

Rout 

CPEin 
Rin CPEdl 

Rct Rp 
Yin nin 

Yout nout 
CPEf 

Rin Ydl ndl 
Yf nf 

Mg alloy 20.4 --- --- --- 1.91×10-5 0.94 1300 1.89×10-4 0.90 2038 3338 

40°C 

pH2.5 25.3 6.65×10-6 0.79 370 1.06×10-5 0.86 3.93×104 8.35×10-5 0.54 1616 4.13×104 

pH3.0 35 6.17×10-6 0.76 700 6.08×10-6 0.97 4.23×104 2.72×10-5 0.61 9663 5.26×104 

pH3.5 36.8 3.47×10-6 0.71 1080 1.07×10-5 0.92 5.80×104 2.33×10-5 0.59 9279 6.83×104 

pH4.0 32.2 5.99×10-6 0.74 830 4.73×10-6 0.96 7.58×104 2.31×10-5 0.61 8595 8.53×104 

60°C 

pH2.5 24 1.36×10-6 0.88 518 1.86×10-5 0.93 1.36 ×105 2.22×10-5 0.61 4.17×104 1.79×105 

pH3.0 29.6 5.28×10-7 0.86 1696 7.19×10-6 1 2.46×105 1.00×10-5 0.61 4.69×104 2.95×105 

pH3.5 38.2 6.05×10-7 0.82 2123 9.96×10-6 0.90 3.56×105 7.39×10-6 0.60 1.48×105 5.06×105 

pH4.0 36 5.67×10-7 0.87 3802 6.88×10-6 0.87 2.25 ×105 2.76×10-6 0.60 1.94×105 4.23×105 

80°C 

pH2.5 27.8 8.97×10-7 0.84 3738 2.97×10-6 1 4.86×105 3.09×10-5 0.63 1.71×105 6.62×105 

pH3.0 32.4 7.26×10-7 0.83 3656 3.32×10-6 0.96 1.36×106 2.62×10-5 0.62 7.55×105 2.12×106 

pH3.5 34.5 4.05×10-7 0.85 2861 3.92×10-6 0.86 1.19×106 1.05×10-5 0.59 6.64×104 1.26×106 

pH4.0 37.6 5.35×10-7 0.83 782 2.02×10-6 1 4.69×105 7.55×10-6 0.60 5.62×104 5.26×105 

 

As shown in Fig. 8(d), two distinctive capacitive loops were observed in the Nyquist 

plot of AZ31 Mg alloy corresponding to two peaks in its Bode phase plot in Fig. 9. The 

first capacitive loop corresponding to the high peak in the middle-frequency range was 

generated by the charge-discharge process of the (CPEdlRct) circuit, the second capacitive 

loop in the low-frequency range corresponds to the charge-discharge process of the 

(CPEfRf) circuit. The EIS fitting results of Rct and Rf (AZ31 Mg alloy) are 2038 and 1300 
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Ω·cm2. According to Eq. (1), Rp of AZ31 Mg alloy calculated from the EIS result is 3338 

Ω·cm2.  

According to the Bode phase plots shown in Fig. 9(a), the samples prepared at 40°C 

and different pH values have two obvious peaks, including a lower peak in the high-

frequency range and a higher peak in the low-frequency range. On account of the time 

constant of (CPEdlRct) circuit, there is a hidden peak in the medium-frequency range. 

Compared with the samples prepared at 40°C, coated samples prepared at 60°C has higher 

peak values in the high-frequency range because of the increase of Rout, as shown in Fig. 

9(a) and (b). With further increase of preparation temperature to 80°C, the phase angles 

in the medium-frequency range of Bode phase plots has an obvious increase compared 

with that of samples prepared at 60°C or 40°C, while there is no obvious difference in the 

high-frequency range compared with samples prepared at 60°C, suggesting that Rout of 

samples prepared at 60°C and 80°C have the same order of magnitude. 

Comparison of the resistances Rout, Rin, Rct and Rp are presented in Fig. 11. It can be 

observed that in all cases Rin is much larger than Rout, indicating that the compact inner 

layer of the conversion coating would more effectively protect the substrate from 

corrosion attack. 

The values of Rp depend on the temperature and pH value of preparation, as is depicted 

in Fig. 11(d). For coated samples prepared at 40°C, Rp increases from 4.13×104 Ω·cm2 to 

8.53×104 Ω·cm2 as the pH value increases from 2.5 to 4.0. Compared with samples 

prepared at 40°C, samples prepared at 60°C have higher Rp. When the preparation 

temperature reached 80°C, Rp increases further. The sample prepared at 80°C and pH 3.0 

has the largest Rp and hence the highest corrosion resistance.  
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Compared with nin of CPEin, nout of CPEout are generally larger and the probable reason 

is that the outer layer of conversion coating is rougher and less compact than the inner 

layer. Moreover, nct of coated samples are less than n of CPEout, CPEin and CPEdl of bare 

AZ31 Mg alloy. The dense inner layer restrains the electrochemical response of the 

interface of substrate/electrolyte, and therefore nct of the coated samples are less than n 

of other CPE.  

 

Fig. 11. Resistances comparison (Rout, Rin, Rct and Rp) from EIS fitting results (Table 

3) of coated samples prepared at (a) 40°C, (b) 60°C (c) 80°C and (d) comparison of Rp of 

all coated samples. 

 

3.3.3. PDP measurement 
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Fig. 12 shows the potentiodynamic polarization (PDP) curves of all coated samples and 

AZ31 Mg alloy together with the Tafel slopes. Values of Ecorr, icorr, Epit and ΔE (= Epit - 

Ecorr), ba (slope of anodic branch line), bc (slope of cathodic branch line) are extracted 

from the PDP curves and shown in Table 4. The combined effect of preparation 

temperature and pH value on the corrosion current density is shown in the 3D diagram in 

Fig. 12(d). 

As shown in Fig. 12 and Table 4, icorr of AZ31 Mg alloy is 6.85 μA and is larger than 

that of coated samples by at least an order magnitude. Among the coated samples, the one 

prepared under the condition 40°C-pH 2.5 has the largest icorr (678 nA). With the increase 

of pH value from 2.5 to 4.0, icorr of the coated samples prepared at 40°C decreased from 

678 nA to 297 nA. When the preparation temperature was increased to 60°C, icorr is found 

to lie in the range of 233 nA ~ 177 nA. With further increase of preparation temperature 

to 80°C, icorr lies in the range of 171 nA ~ 57 nA and the sample prepared at 80°C-pH3.0 

has the lowest icorr of 57 nA. 

Interestingly, for AZ31 substrates coated with Mg-P conversion coatings, their Epit 

values are stable and lie in a narrow range of -1.40V ~ -1.43V. Compared with coated 

samples prepared at 60°C and 80°C, samples prepared at 40°C has a lower Ecorr and hence 

enjoys a larger ΔE.  
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Fig. 12. PDP curves of coated samples prepared at (a) 40°C, (b) 60°C, (c) 80°C and 

AZ31 Mg alloy in Hanks’ solution at 37°C and pH 7.4 and (d) corrosion current density 

at different combinations of preparation temperature and pH values. 

 

Table 4  

Corrosion parameters extracted from the PDP curves shown in Fig. 12. 

 
 Mg 

alloy 

40°C  60°C  80°C 

pH2.5 pH3.0 pH3.5 pH4.0  pH2.5 pH3.0 pH3.5 pH4.0  pH2.5 pH3.0 pH3.5 pH4.0 

ba (mV/dec) ---- 305 289 232 230  213 213 ---- ----  240 135 ---- ---- 

-bc (mV/dec) 154 203 184 179 195  157 187 190 205  182 187 154 165 

icorr (nA/cm2) 6850 683 678 364 297  220 233 177 200  171 57 79 148 

Ecorr (V vs.SCE) 147 -1.64 1.66 1.63 158  151 153 147 146  154 151 149 144 

Epit (V vs.SCE) ---- -1.40 1.43 140 140  140 142 140 141  142 143 143 140 

ΔE (V) ---- 0.24 0.23 0.23 0.18  0.11 0.11 0.07 0.05  0.12 0.08 0.06 0.04 
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3.3.4. Immersion test 

The corrosion morphologies of coated samples after 5 days of immersion in Hanks’ 

solution are shown in Fig. 13. Samples prepared at 40°C suffered from severe filiform 

corrosion and pitting corrosion. More than half of their surface area was corroded, with 

white precipitates forming on their surface after the immersion test. Samples prepared at 

60°C had better corrosion resistance. They suffered from filiform corrosion or pitting 

corrosion, but to a less extent than that of samples prepared at 40°C. Compared with 

coated samples prepared at 40°C and 60°C, samples prepared at 80°C had the least 

corroded area. This reveals that the corrosion resistance of the coated samples increased 

with the preparation temperature.  

 

Fig. 13. Corrosion morphologies of all coated samples after the 5-day immersion test 

in Hanks’ solution at 37°C and pH 7.4. 
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As 1 mol of hydrogen gas evolved corresponds to 1 mol of corroded Mg, hydrogen 

evolution volume is commonly used to estimate the long-term corrosion rate of Mg alloy 

as it is more accurate than electrochemical or gravimetric methods [11]. The cumulative 

volume of hydrogen evolved is plotted as a function time in Fig. 14. On the first day, the 

volume of hydrogen evolved from of AZ31 reached about 2±0.3 ml. In comparison, the 

amount of hydrogen evolved from the coated samples was much smaller or even 

negligible for coated samples prepared at 80°C. The total volume evolved for bare AZ31 

was 6.2±0.6ml after the 5-day test, which was significantly larger than that of the coated 

samples. Another observation from Fig. 14 is that the effect of preparation temperature is 

much more significant that of the pH value. Among all types of samples, the sample 

prepared at 80°C and pH 3.0 yielded the smallest volume of hydrogen, meaning the 

smallest corrosion rate or best corrosion resistance.  

 

Fig. 14. Hydrogen evolution volume of AZ31 Mg alloy and coated samples prepared 

at (a) 40°C (b) 60°C and (c) 80°C tested in Hanks’ solution at 37°C and pH 7.4. 

 

4. Discussion 

Based on the results above, the formation mechanism of the conversion coating is 

investigated and proposed. A schematic diagram illustrating the mechanism is depicted 

in Fig. 15. The formation mechanism of conversion coating consists of two main 

processes, including process I: the dissolution of Mg alloy substrate corresponding to Eq. 
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(3), and process II: the formation of conversion coating corresponding to Eq. (4). Once 

the Mg alloy sample is immersed in the acidic conversion solution, it reacts with the H+ 

in the conversion solution and transforms into Mg2+ and H2 (Eq. (3)) as depicted in Fig. 

15(a), resulting in the decrease of H+ ions concentration and the increase of the pH value 

nearby the substrate/solution interface corresponding to the region of Mg-P coating as 

shown in Fig. 15(b). On account of the dissolution of Mg which causes the accumulation 

of Mg2+ ions and the increase of pH value in the region of Mg-P coating simultaneously, 

there is a supersaturation of Mg2+ ions (△Mg2+) formed in the MgHPO4·3H2O 

predominance area corresponding to pH value z, as shown in Fig. 15(c) which 

corresponds to the intersection (Mg2+, MgH2PO4
+, and MgHPO4) of predominance area 

diagram shown in Fig. 1. Because of the supersaturation of Mg2+ (△Mg2+) in the 

MgHPO4·3H2O predominance area, Mg2+ ions and HPO4
2- ions combine to form the 

precipitate MgHPO4·3H2O (Eq. (4)) on Mg alloy substrate. With the accumulation of the 

precipitate MgHPO4·3H2O in the region of Mg-P coating, conversion coating forms on 

the substrate and the conversion solution is separated into three regions, including Mg-P 

conversion coating region (corresponding to pH value z ~ y), diffusion zone 

(corresponding to pH value y ~ x) and conversion solution region (corresponding to pH 

value x) respectively, as shown in Fig. 15(b). According to the pH value and the 

concentration of Mg2+ ions, the region of Mg-P coating in Fig. 15(a) corresponds to the 

region of high pH value (z ~ y) in Fig. 15(b) and the region of MgHPO4·3H2O 

predominance area in Fig. 15(c). In the region of Mg-P coating, MgHPO4·3H2O forms 

on the Mg alloy substrate continually. Between this region and the conversion solution 

region is the diffusion zone (Fig. 15(a)). The diffusion zone only transfers ions and 

hydrogen gas between the conversion solution region and Mg-P coating region. H2 and 
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Mg2+ ions are generated on the interface and diffuse into the conversion solution region 

through the diffusion zone. Meanwhile HPO4
2- and H+ ions from conversion solution 

region cross the diffusion zone to reach the Mg-P coating region, providing reactants for 

the formation of more Mg-P precipitate. It is clear that the supersaturation of Mg2+ plays 

an important role in the precipitation of Mg-P coating.  

Therefore appropriate selection of the preparation temperature can effectively accelerate 

the reaction on the interface of substrate/solution, and the region of Mg-P coating will 

enlarge simultaneously, which directly increase the thickness and corrosion resistance of 

the Mg-P conversion coating. This is evidenced by the cross-section morphologies (Fig. 

3) and the results of EIS and PDP tests. Whereas, compared with temperature, the pH 

value has a relatively complex influence on the formation of Mg-P coating. On the one 

hand, decreasing the pH value can accelerate the reaction on the interface, enlarge the 

region of Mg-P coating and increase the thickness of the coating. On the other hand, when 

the pH value is excessively low, the conversion coating may be dissolved violently nearby 

the region of diffusion zone, which will decrease the thickness and corrosion resistance 

of the Mg-P coating. When the preparation temperature was 40°C, with the decrease of 

pH value, the thickness of Mg-P coating was slightly increased (as shown in Fig. 3). 

However, its anticorrosion performance decreased dramatically (as shown in Fig. 12). 

When the temperature was 60°C or 80°C, a proper decrease of pH value could also 

improve the thickness, and at the pH of 3.5 (60°C) and 3.0 (80°C), the Mg-P coating had 

the optimal corrosion performance. 

 

Process I           Mg + 2H+ = Mg2+ + H2 (g)                                     (3) 

Process II         Mg2+ + HPO4
2- + 3H2O = MgHPO4 · 3H2O(s)

 

         (4) 
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Fig. 15. Schematic diagram for the formation mechanism of conversion coating. 

 

In order to investigate the microstructure of conversion coating, micrograph of the 

cross-section of sample 80°C-pH3.0 is presented in Fig. 16(a). It is easy to see that the 

conversion coating consists of a crystalline outer layer and smooth inner layer. Compared 

with the rough outer layer, the inner layer is denser and thinner. This difference in 

microstructure suggests that the formation mechanisms of these two layers might be 

different. The thicker outer layer was possibly precipitated from the conversion solution 

as previously mentioned (shown in Fig. 15), resulting in a rougher morphology. On the 

other hand, the thinner inner layer probably grew in-situ from the Mg alloy substrate via 

direct reaction of HPO4
2- ions with Mg on the solid surface. Thus, the thin compact inner 

layer is the real conversion coating and it contributes to most of the corrosion resistance 

of the whole coating. This conclusion is supported by the much higher resistance of the 

inner layer than the outer layer shown in Fig. 11 and Table 3.  
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Fig. 16. (a) Feature of conversion coating (prepared at 80°C-pH3.0) which consists of 

the outer layer and inner layer (b) schematic diagram of the formation of conversion 

coating. 

 

As shown in Fig. 12, the Ecorr of the coated samples prepared at 60°C and 80°C is 

evidently higher than that of samples prepared at 40°C and similar to that of the substrate 

AZ31 Mg alloy. This could possibly be explained by the relationship of anodic reaction 

rate and cathodic reaction rate as shown in Fig. 17(a). The corrosion processes of AZ31 

Mg alloy consist of an anodic reaction (Eq. (5)) and a cathodic reaction (Eq. (6)) 

corresponding to the anodic solid line (Ie,Mg) and the cathodic solid line (Ie,H2) respectively 

in the polarization diagram (Fig. 17(a)), where Ka and Kc are the Tafel slopes of the anodic 

and cathodic branch. Owing to the active nature of Mg, galvanic corrosion caused by the 

second phase β in the Mg alloy always dominates the corrosion rate of Mg alloy [57]. At 

the cathodic site (second phase β) the cathodic reaction (Eq. (6)) takes place and consumes 

the electrons generated from the anodic site (Mg matrix phase or α phase, Fig. 17(b)). 

Meanwhile, on the anodic site (matrix phase α), some Mg dissolves to form free Mg2+ 

ions, providing electrons to the cathodic phase β [58]. The reactions taking place in Fig. 

17(b) are given below.  
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Anodic reaction           Mg → Mg2+ + 2e-                                        (5) 

Cathodic reaction       2H2O + 2e- → 2OH- + H2(g)                       (6) 

Overall reaction        Mg + 2H2O → Mg2+ + 2OH- + H2(g)          (7) 

 

Fig. 17. (a) Polarization diagram and schematic diagrams of corrosion process in (b) 

AZ31 Mg alloy corresponding to that two solid lines in polarization diagram, (c) coated 

samples prepared at low temperature (40°C) corresponding to that two dashed lines in 

polarization diagram and (d) coated samples prepared at high temperature (60°C and 80°C) 

corresponding to that two dotted lines in polarization diagram. 

 

It is well known that the conversion coating preferentially precipitated on the cathodic 

phase [43,59]. Thus, the conversion coating prepared at low temperature (40°C) is 

relatively thin and could not uniformly cover the anodic phase α and cathodic phase β 
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simultaneously. Due to the denser coating on the β phase, as shown in Fig. 17(c), the 

cathodic reaction is remarkably controlled by the decrease of cathodic branch slope (Kc) 

which is shown in Fig. 17(a) by the dashed line (I'e,H2). As the anodic reaction was less 

affected, the anodic branch slope (Ka) only has a slight increment as shown in Fig. 17(a) 

by the dashed line (I'e,Mg). Therefore, the intersection point of cathodic and anodic branch, 

that is the corrosion potential (E'corr), is lower than that of AZ31 Mg alloy (Ecorr). When 

the preparation temperature is increased to 60°C or 80°C, denser and thicker conversion 

coatings form on the Mg alloy substrates as shown in the surface morphologies (Fig. 2) 

and cross-section morphologies (Fig. 3). The denser conversion coating more effectively 

protects cathodic phase β and anodic phase α from corrosion at the same time. Therefore 

the cathodic reaction and anodic reaction are reduced simultaneously (Fig. 17(a)) as 

represented by the dotted line. Owing to the similar increment of -Kc and Ka, the E''corr of 

coated samples prepared at high temperature (60°C or 80°C) is close to that of AZ31 Mg 

alloy and higher than that of coated samples prepared at low temperature (40°C), which 

is coincident with the PDP test results as shown in Fig. 12 and Table 4. 

 

5. Conclusions 

The following conclusions can be drawn from this study. 

 

1. Mg-P conversion coatings were prepared under different conditions at different 

pH values and temperatures. Based on the results of XRD, EDS and XPS analysis, 

it can be concluded that the main phase of the conversion coatings prepared in this 

work was MgHPO4·3H2O.  
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2. Compared with the pH value, the preparation temperature affects the thickness of 

coating and improves its corrosion resistance more significantly. Among the 

samples prepared at different temperatures, the samples prepared at 80°C had a 

thicker coating and a higher corrosion resistance, and the sample prepared under 

the condition of 80°C-pH 3.0 had the highest corrosion resistance. 

 

 

3.      The microstructure of conversion coating suggests that the coating consisted of a 

precipitated outer layer and an in-situ grown inner layer. Compared with the 

crystalline outer layer, the inner layer contributed more to the overall polarization 

resistance, indicating that the inner layer played a vital role in the corrosion 

performances of coated samples in Hanks’ solution. 

 

4.  Through the exploration of Mg-P conversion coating formation mechanism, it is 

concluded that appropriate pH value and higher temperature can accelerate the 

formation of Mg-P coating. 
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Tables : 

 

Table 1 Compositions of the magnesium phosphate conversion coating solutions 

Table 2 Composition of Hanks’ solution. 

Table 3 Values of circuit elements in the EEC models from the fitting EIS data. (Units of 

R and Y are (Ω·cm2) and (Ω−1·cm−2·sn) respectively) 

Table 4 Corrosion parameters extracted from the PDP curves shown in Fig. 12. 
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Figure captions : 

 

Fig. 1. Predominance area diagram for the precipitation of Mg phosphates. 

Fig. 2. SEM surface morphologies of coated samples prepared at 40°C, 60°C and 80°C 

in conversion solution with different pH values (2.5, 3.0, 3.5 and 4.0) (Scale bar is 20 

μm). 

Fig. 3. Cross-section morphologies of coated samples (Scale bar is 100 μm.) 

Fig. 4. EDS results and corresponding tested area of coated samples: (a) 40°C-pH 2.5, (b) 

40°C-pH 3.0, (c) 40°C-pH 3.5 and (d) 40°C-pH 4.0. (Scale bar is 40μm.) 

Fig. 5. The XRD patterns of substrate Mg alloy and conversion coatings prepared at 40°C.  

Fig. 6. XPS spectra of conversion coating on AZ31 Mg alloys (a) Survey XPS spectrum 

and high-resolution spectra of (b) P2p (c) Mg1s (d)O1s 

Fig. 7. OCP curves of bare and coated samples prepared at (a) 40°C (b) 60°C and (c) 

80°C. 

Fig. 8. Nyquist plots of coated samples prepared at (a) 40°C (b) 60°C (c) 80°C and (d) 

AZ31 Mg alloy  

Fig. 9. Bode plots of coated samples prepared at (a) 40°C (b) 60°C (c) 80°C and AZ31 

Mg alloy. 

Fig. 10. EEC models of (a) AZ31 Mg alloy and (b) coated samples in Hanks’ solution.  

Fig. 11. Resistances comparison (Rout, Rin, Rct and Rp) from EIS fitting results (Table 3) 

of coated samples prepared at (a) 40°C, (b) 60°C (c) 80°C and (d) comparison of Rp of all 

coated samples. 
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Fig. 12. PDP curves of coated samples prepared at (a) 40°C, (b) 60°C, (c) 80°C and AZ31 

Mg alloy in Hanks’ solution at 37°C and pH 7.4 and (d) corrosion current density at 

different combinations of preparation temperature and pH values. 

Fig. 13. Corrosion morphologies of all coated samples after the 5-day immersion test in 

Hanks’ solution at 37°C and pH 7.4. 

Fig. 14. Hydrogen evolution volume of AZ31 Mg alloy and coated samples prepared at 

(a) 40°C (b) 60°C and (c) 80°C tested in Hanks’ solution at 37°C and pH 7.4. 

Fig. 15. Schematic presentation of the formation mechanism of conversion coating. 

Fig. 16. (a) Feature of conversion coating (prepared at 80°C-pH3.0) which consists of the 

outer layer and inner layer (b) schematic diagram of the formation of conversion coating. 

Fig. 17. (a) Polarization diagram and schematic diagrams of corrosion process in (b) 

AZ31 Mg alloy corresponding to that two solid lines in polarization diagram, (c) coated 

samples prepared at low temperature (40°C) corresponding to that two dashed lines in 

polarization diagram and (d) coated samples prepared at high temperature (60°C and 80°C) 

corresponding to that two dotted lines in polarization diagram. 

 




