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Abstract The influence of pH on the corrosion behavior

of Mg-based AZ91D alloy was investigated in a constant

composition phosphate medium using various electro-

chemical techniques, complemented with surface analysis

data. The studied solutions were 0.1 M H3PO4, NaH2PO4,

Na2HPO4 and Na3PO4 having pH values of 1.8, 4.5, 9.1

and 11.8, respectively. Spontaneous passivation was sub-

stantiated from monitoring the continuous positive shift of

the open circuit corrosion potential with both immersion

time and solution pH. The impedance data indicated more

improvement in the insulating properties of the corrosion

products formed on the alloy surface with increase in pH.

The electrolyte pH plays a determinant influence on surface

film properties, as films formed in phosphate solutions with

higher pH values are thicker, thus affording better protec-

tion for the alloy than those formed in acidic solutions.

Good agreement was observed between the results obtained

from electrochemical techniques and those from EDX and

XRD examinations. The alloy is more susceptible to cor-

rosion in acidic phosphate solutions than in the alkaline

ones. Crystalline magnesium (Mg), magnesium hydride

(MgH2) and magnesium oxide (MgO) were found to be the

main constituents of the surface film after holding for 2 h

in the acidic phosphate medium.

Keywords AZ91D alloy � Phosphate medium �
AC-impedance � Potentiodynamic � pH

1 Introduction

Pure magnesium metal is emerging as the lightest of all

known structural metals for current, new and innovative

applications [1]. The unwise use of magnesium in wet and

salt-laden environments gives rise to its poor corrosion

reputation [2]. To achieve better corrosion behavior and

radical change in the metal properties, magnesium alloys

have been used for their many advantages, such as light

density, high strength-to-weight ratio, good mechanical

properties and excellent castability. All, these have made

magnesium alloys the most versatile and attractive metallic

materials for a broad range of uses in commercial, indus-

trial and aerospace applications.

One of the major problems limiting the uses of mag-

nesium alloys is their susceptibility to corrosion in different

media [3]. The corrosion resistance depends widely on film

formation and surface-electrolyte interaction and it varies

with the medium to which the alloy is exposed. The most

successful magnesium–aluminum alloy is AZ91D, which

contains in its microstructure the primary a-Mg matrix, a
eutectic phase, b phase (the intermetallic Mg17Al12) dis-

tributed along the a grain boundaries and segregated AlMn

phase precipitated inside grains. The eutectic a Mg adjunct

to the b phase is Al richer than the primary a Mg [4].

In general, the resistance of magnesium alloys to atmo-

spheric corrosion is less than that of aluminium alloys and is

comparable to that of mild steel [5]. A clean unprotected

magnesium alloy surface exposed to indoor or outdoor

atmospheres free from salt will develop a grey film. It is the

objective of this work to investigate the stability of the
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naturally air-formed corrosion product on AZ91D alloy in

aqueous phosphate solutions with various pH. Previous

studies concerning the electrochemical performance of

AZ91D alloy in phosphate electrolytes dealt mainly with

producing a film by chemical [6] or electrochemical [7]

oxidation to form protective coatings on AZ91D substrate.

Zhou et al. [8] found that the phosphate conversion coating

on AZ91D alloy has a thickness of about 10 lm and is

composed of a complex phosphate containing magnesium

and aluminum with an amorphous structure. The formation

mechanism depends on a local pH increase due to hydrogen

evolution. Zhao et al. [9] obtained a chromium-free con-

version coating for AZ91D alloy by using a phosphate–

permanganate solution. The conversion coatings are rela-

tively uniform and continuous, with thickness from 7 to

10 lm. Niu et al. [10] succeeded in forming a zinc phos-

phate coating on AZ91D alloy with a typical phosphate

microstructure having better corrosion resistance due to the

presence of crystalline zinc in the coat.

In the present study electrochemical characterization of

the tested system was carried out using open circuit

potential (OCP), electrochemical impedance spectroscopy

(EIS) and potentiodynamic techniques complemented by

EDX and XRD analysis methods whenever needed. EIS is

a technique that can simultaneously provide information on

the corrosion mechanisms and quantitatively assesses the

stability of spontaneously formed passive layers on the

alloy surface.

2 Experimental details

The metallic material used was a die cast AZ91D magne-

sium alloy having a chemical composition in wt% of: 9.0

Al, 0.67 Zn, 0.33 Mn, 0.03 Cu, 0.01 Si, 0.005 Fe, 0.002 Ni,

0.0008 Be and balance magnesium. The sample was cut

into coupons and molded into a glass tube with epoxy resin

leaving only one side unsealed to serve as a working

electrode with a surface area of 0.2 cm2. The solutions

were prepared using Na3PO4, Na2HPO4, NaH2PO4 and

H3PO4 (Analar grade reagents) and triply distilled water.

The surface of the test electrode was mechanical polishing

with abrasive paper (400–1,000 grades), degreasing in

acetone, rinsing with ethanol and drying in air. A con-

ventional three-electrode electrolytic cell was used with a

coiled platinum wire counter electrode placed in a separate

compartment connected to the cell via a fritted glass disc

and (Hg/Hg2Cl2) saturated calomel reference electrode

(SCE). In the middle compartment of the cell a platinum

sheet of size 15 9 20 9 2 mm was sealed to face the

working electrode for impedance measurements. Anodic

and cathodic polarization curves were traced at 1 mV s-1

scan rate. The impedance diagrams were recorded using an

excitation AC signal of 10 mV peak to peak in the fre-

quency domain 100 kHz down to 0.1 Hz. The measuring

instrument was an electrochemical workstation IM6e

Zahner-electrik, GmbH, (Kronach, Germany) provided

with Thales software for I/E and impedance data analyses.

Corrosion products in solution were determined by

atomic absorption spectrophotometry using an Analyst 100

Winlab-Perkin Elmer instrument. The microstructure of the

film was identified by the diffraction patterns obtained

from a thin film PERT PRO X-ray diffractometer using a

copper (Ka) target with a secondary monochromator at

omega = 0.5�. Elemental film composition was analyzed

using JEOL microscope equipped with Oxford Link EDX

microanalysis hardware.

3 Results and discussion

3.1 Open circuit potential

The variation of OCP with time of mechanically polished

AZ91D alloy was recorded over 120 min in each 0.1 M

solution of H3PO4, NaH2PO4, Na2HPO4 or Na3PO4 having

pH values of 1.8, 4.5, 9.1 and 11.8, respectively. These

electrolytes were chosen in order to enable the tests to be

carried out over a wide pH range without changing the

nature and concentration of the anions present. The results

indicate spontaneous passivation for the AZ91D surface as

can be substantiated from the continuous drift of the OCP

with time in the positive direction, quickly at first and then

slowly. The time needed to reach a steady state potential

(Est) decreases with increase in solution pH amounting to

25-10 min. The value of Est is pH-dependent and becomes

less negative with increasing pH, as shown in Table 1. The

results in general indicate that phosphate solution sustains

the process of oxide film formation as a result of sponta-

neous oxidation of the surface via a dissolution-

precipitation mechanism [11, 12], which is likely to occur

at the early stage of electrode immersion.

Table 1 Open circuit steady potential (Est) for AZ91D alloy mea-

sured after 2 h from immersion in 0.1 M of the relevant solution

Solution Est /V(SCE)

(a) H3PO4 (pH 1.8) -1.702

(a) NaH2PO4 (pH 4.5) -1.633

(b) pH 4.5 -1.545

(a) Na2HPO4 (pH 9.1) -1.465

(b) pH 9.1 -1.354

(a) Na3PO4 (pH 11.8) -1.429

(b) pH 11.8 -1.449

(a) 0.1 M phosphate-containing solution

(b) 0.1 M phosphate-free solution
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By considering the variation of OCP(E) with the loga-

rithm of time (log t) shown in Fig. 1, it can be concluded

that film growth follows a direct logarithmic law (Eq. 1) for

which the formation process is the rate-limiting step [13]:

E ¼ constant þ 2:303ðd=BÞ log t ð1Þ

where d is the rate of film thickening per time decade and

B = (zF/RT)aj, a being the transfer coefficient and j the

width of the energy barrier traversed by the metal ion

during film formation; all other symbols have their usual

meanings. Each graph in Fig. 1 consists of two linear

segments indicating that the passive film grows at two

different rates. Thus, the film has a bi-layered structure

[14]. The results reveal that the growth rate along the first

segment is higher than that for the second assuming that the

innermost layer of the surface film is of different

microstructure than its outermost layer, as discussed later.

Data in Table 1 clearly show that although E in Na3PO4

solution of pH 11.8 has a higher value than that in

Na2HPO4 solution of pH 9.1, there is not such a large

difference between the two values after 2 h. This trend can

be attributed to the nature of the phosphate species

prevailing at that pH (11.8). By analyzing the data in Fig. 2

[15] it is obvious that at pH 11.8, HPO2�
4 species has an

almost equal tendency to exist in solution as PO3�
4 anions

and thus the solution at this pH will contain the two

phosphate species in nearly equal amounts.

It is of interest also to distinguish between the passiv-

ation behavior obtained in the phosphate containing

solutions and that caused by pH increase in phosphate-free

media. These measurements were established in solutions

with similar pH values (4.5, 9.1 and 11.8) prepared by

appropriate mixing of 0.1 M H2SO4 and 0.1 M NaOH

solutions. At these three pH values the mean OCP results

follow nearly the same trend, albeit with a different pH

effect concerning the absolute Est value (cf. Table 1). Thus,

at pH 11.8 the Est value lies nearly midway between those

for PO3�
4 and HPO2�

4 solutions and at pH 4.5 Est was found

to be higher than that for H2PO�4 medium, while at pH 9.1

it acquires its highest measured value. This implies that pH,

as well as nature of the prevailing anions contribute to the

spontaneous passivation of AZ91D alloy through possible

incorporation of these anions into the lattice structure of the

growing film [16], where they are located within the outer

part of the passive film [13].

3.2 EIS measurements

The EIS characteristics of AZ91D alloy in 0.1 M solutions of

H3PO4, NaH2PO4, Na2HPO4 and Na3PO4 corresponding to

pH values of 1.8, 4.5, 9.1 and 11.8, respectively, were

examined at the steady OCP after 2 h immersion, as shown

in Fig. 3a, b. The Bode diagrams (Fig. 3a) show resistive

regions at high and low frequencies and a capacitative region

at the intermediate frequencies. This capacitive impedance

is the least in H3PO4 solution of pH 1.8 and increases pro-

gressively with increasing pH, where it acquires its highest

values in Na3PO4 solution of pH 11.8. Furthermore, two

maximum phase lags appear at medium and low frequencies

with the second having relatively smaller values and

becoming undistinguishable as the pH decreases. The max-

imum phase angle (/max) at intermediate frequencies also

increases with pH and gets broader in the following order

H3PO4 [ NaH2PO4 [ Na2HPO4 [ Na3PO4. Such behavior

reflects an improvement in the insulating properties of the

corrosion product layers on the alloy surface as the pH

increases. The Nyquist plots (Fig. 3b) also reveal two scar-

cely capacitive loops merged into a large depressed

semicircle at higher pH, indicating a very slow reaction.

Impedance response analysis was performed using the

five-element RC electrical circuit (EC) drawn as an inset in

Fig. 3a. This EC model used to fit the high and low fre-

quency impedance data and involves two time constants

R1C1 and R2C2 parallel combinations in series with the

solution resistance (Rs). In this way C1 is related to
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Fig. 1 The OCP versus log t plots for AZ91D alloy in 0.1 M

phosphate solutions of various pH

Fig. 2 Composition of the phosphate solution as a function of pH
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contributions from the capacitance of the outer layer and

the faradaic reaction therein and C2 pertains to the inner

layer, while R1 and R2 are their respective resistances [17].

Two constant phase elements (CPE) are substituted for the

capacitive elements C1 and C2 to give a more accurate

agreement between measured and fitted data [18]. The CPE

is a special element whose impedance is a function of the

angular frequency (x = 2pf rad s-1) and related to that for

a capacitor (C) as follows:

1=jxC ¼ ð1=YoÞðjxÞ�a ð2Þ

where Yo (sa X-1) is the frequency independent real part of

the CPE, j is the imaginary root, a is an adjustable

empirical exponent varies between 1.0 for a purely

capacitive behavior associated with a perfectly smooth

surface and 0.0 for a resistor. For real polished electrodes

the value of a is less than 1.0, the lower the value the

rougher the electrode [19]. Due to the heterogeneous

microstructure of AZ91D alloy the corrosion product layer

on the alloy surface has a heterogeneous structure. This

heterogeneity increases the roughness of the electrode

surface and decreases the value of a [20]. The above

equivalent circuit was found to simulate the results and to

give a better fit with an average error of about 5%.

The calculated equivalent circuit parameters are listed in

Table 2. The results reveal that R1 and R2 increase with

increasing pH, while C1 and C2 tend to decrease. This

behavior indicates that spontaneously grown film on the

alloy surface during exposure for 2 h is liable to dissolve in

acidic solution more than in alkaline ones. According to the

series model used in the analysis, the total film capacitance

(CT) is determined using the well known relation:

1=CT ¼ 1=C1 þ 1=C2 ð3Þ

The passive film can be considered as dielectric plate

capacitors formed between the metallic substrate and the

counter electrode. Theoretically, film capacitance is related

to film thickness (d) by the formula: CT = eoerA/d, where A

is the film area, eo and er are the dielectric constants of

vacuum and film, respectively. Although the actual value

of er within the film is difficult to estimate, a change in CT

can be used as an indicator for change in the film thickness

[13, 21, 22].

The effect of pH on the corrosion behavior is in agree-

ment with the Pourbaix diagrams [23] of magnesium and

aluminum. At open circuit conditions, Fig. 4 shows that the

resistance (RT = R1 ? R2) of the film grown on AZ91D in

phosphate electrolyte decreases with decrease in pH,

exhibiting asymptotic behavior. The relative film thickness

(1/CT) follows almost the same trend, which indicates that

thicker films are more passive than thinner ones. Overall,

pH has a determinant influence on film properties; films

formed in phosphate solutions at higher pH are thicker and

afford better protection than those formed in acidic ones.

Moreover, /max is the highest (73.4�) for AZ91D alloy

immersed in basic Na3PO4 solution and decreases more

rapidly with decreasing pH reaching only 7.7� in H3PO4
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Fig. 3 Experimental and simulated electrochemical impedance data

of AZ91D alloy immersed for 2 h in each 0.1 M solution of: (1)

H3PO4 (pH 1.8); (2) NaH2PO4 (pH 4.5); (3) Na2HPO4 (pH 9.1); or (4)

Na3PO4 (pH 11.8); (a) the Bode plots and (b) the Nyquist plots.

Insert: equivalent circuit used for impedance data fitting

Table 2 Equivalent circuit parameters of AZ91D alloy immersed for 2 h in 0.1 M phosphate solutions of various pH values

Medium Rs/X cm2 R1/X cm2 C1/lF cm-2 a1 R2/X cm2 C2/lF cm-2 a2 RT/X cm2 1/CT /lF-1 cm2 /max/degree

H3PO4 (pH 1.8) 18.3 33 41.60 0.37 4.0 283.0 0.908 37.0 0.030 7.7

NaH2PO4 (pH 4.5) 32.9 159 35.28 0.61 25.4 157.7 0.910 184.4 0.035 30.3

Na2HPO4 (pH 9.1) 8.9 1,326 24.70 0.73 600 19.80 0.926 1,926 0.091 68.2

Na3PO4 (pH 11.8) 6.6 2,446 18.60 0.82 652 15.35 0.934 3,098 0.120 73.4
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with simultaneous shift to higher frequencies indicating

faster reaction at the lower pH. The behavior suggests

better dielectric properties due to sealing of the surface by

corrosion products as the forming pH increases.

It is well known that dissolution of magnesium in

aqueous solutions proceeds by reduction of water molecules

to produce magnesium oxide and/or hydroxide and hydro-

gen gas. Values of the cathodic Tafel plot bc (given in

Table 4) corroborate that the reduction process is primarily

water reduction [24]. These reactions are insensitive to

oxygen concentration [25], although the oxygen concen-

tration is an important factor in atmospheric corrosion. Due

to this hydrogen evolution, solution pH was found to rise at

the end of the immersion test to 3.0, 6.2 and 10.2 for H3PO4,

NaH2PO4 and Na2HPO4, respectively, while for the more

alkaline Na3PO4 solution no significant pH variation was

observed owing to the high stability of the AZ91D native

film in this appreciably basic medium (pH 11.8).

Atomic absorption spectrophotometry (AAS) was con-

ducted to determine the major alloy constituents that might

enter the liquid phase at the end of 2 h immersion in 0.1 M

H3PO4. The concentrations of Mg, Al and Zn in the test

solution are, 61.75, 12.46 and 1.022 ppm (mg l-1),

respectively which reflects the composition ratios of the a-

eutectic having higher Al content than the primary a phase.

In the acidic phosphate medium, the microconstituent

elements of the a eutectic are all more active than the b
phase particles (Mg17Al12) over which the a eutectic pre-

cipitates [4, 26]. As a consequence this eutectic phase

suffers galvanic corrosion. The probable overall corrosion

reaction for AZ91D magnesium alloy is:

Anodic reactions

Mgþ 2OH� ¼ Mg OHð Þ2þ 2e alkaline solutionð Þ ð4aÞ

also,

Mg ¼ Mg2þ þ 2e

Mg2þ þ H2O ¼ MgOþ 2Hþ

Al ¼ Al3þ þ 3e

9
>=

>;
acid solutionð Þ ð4bÞ

Cathodic reactions

2H2Oþ 2e ¼ 2OH� þ H2 alkaline solutionð Þ ð5aÞ

2Hþ þ 2e ¼ H2 acid solutionð Þ ð5bÞ

Due to the high reactivity of AZ91D alloy in acid

medium, hydrogen gas is also produced directly through

the following step:

Chemical reaction

Mgþ H2O�!H
þ

MgOþ H2 ð6Þ

The equilibrium pH value required for the precipitation

of Mg(OH)2 is around 11.0 [23], which means that

alkaline phosphate solutions such as Na2HPO4 (pH 8.1)

and Na3PO4 (pH 11.8), favour the direct precipitation of

Mg(OH)2 over the other two acidic solutions NaH2PO4

(pH 4.5) and H3PO4 (pH 1.8). Therefore, decrease in pH

increases the corrosion kinetics and the alloy degradation

proceeds at much higher rate, as indicated by the sig-

nificant reduction in the values of both RT and 1/CT,

shown in Fig. 4. The corrosion process is mainly con-

trolled by the oxidation products grown on the alloy

surface. The thickness and propensity for hydration of the

oxide was reported [27] to be reduced with increasing

aluminum content ([4% which corresponds to *35% Al

in the innermost layer) and correspondingly, the oxide

stability is increased. However, the present EIS results

indicate that the protective properties and thickness of the

surface film on the alloy are strongly pH-dependent

where they both decrease significantly as the pH

decreases following the sequence: Na3PO4 [
Na2HPO4 [ NaH2PO4 [ H3PO4 (very low). In these

solutions the OCP results (cf. Fig. 1) are in agreement

with the two-time constant model shown as inset in

Fig. 3a, which assumes a two-layer passive film structure

at all pH values. Similar results were reported by Baril

et al. [14], who found that for AZ91D alloy the film

consists of an inner globular layer of MgO *1.0 lm

thick with an amorphous thicker porous outermost layer.

Incorporation of electrolyte anions into the outermost

layer [28] is beneficial from a corrosion point of view,

since it significantly reduces porosity and reduces metal

dissolution. This leads to an increase in R1 of the out-

ermost layer in comparison with R2 for the innermost

layer, as found experimentally (Table 2).
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Fig. 4 The total resistance (RT) and total relative thickness (1/CT) for

the surface film as a function of pH for AZ91D alloy immersed for

2 h in each 0.1 M solution of: H3PO4 (pH 1.8); NaH2PO4 (pH 4.5);

Na2HPO4 (pH 9.1); or Na3PO4 (pH 11.8)
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3.3 Surface examination

Simple visual observations showed that as soon as the alloy

sample was immersed in H3PO4 or NaH2PO4 solution,

rapid violent reaction accompanied by gas evolution

occurred. A concomitant deep grey-black layer formed on

the alloy surface which became more evident with time,

meanwhile gas evolution slowed down. On the other hand,

for AZ91D sample exposed to Na3PO4 solution, no

appreciable change in its surface was observed at the end of

2 h. Thus pH is a crucial factor in determining the nature

and composition of the growing film.

The phase composition of the film formed on the alloy

sample in acidic phosphate solution was analyzed by XRD

and the result is presented in Fig. 5. The film consists

mainly of crystalline hexagonal Mg (39%), cubic MgO

(9.0%) and tetragonal MgH2 (12%). Concerning the

Pourbaix E-pH diagram for the Mg/H2O system [23],

shown in Fig. 6, it is clear that the whole domain of

magnesium stability is well below that of water in neutral

and low pH solutions. Therefore, magnesium dissolves as

Mg? and Mg2? accompanied by hydrogen evolution.

Perrault [29] considered the formation of MgH2 as well as

Mg? and claimed, from calculation of the complete E-pH

diagram of the Mg/H2O system that thermodynamic equi-

librium cannot exist for a magnesium electrode. However,

such equilibrium is possible if the hydrogen overpotential

has a value of about 1 V and the pH is above 5. Never-

theless, for AZ91D alloy in 0.1 M solution of H3PO4 or

NaH2PO4, the results indicate that in a negative potential

region\-1.6 V (SCE) the high rate of hydrogen evolution

during the corrosion process leads to the formation of grey

magnesium hydride (MgH2) as a stable phase via the fol-

lowing electrochemical (9a) or chemical (9b) reactions

[29]:

Mg2þ þ H2 þ 2e ¼ MgH2

Mgþ þ H2 þ e ¼ MgH2

)

ð7aÞ

or

Mgþ H2 ¼ MgH2 ðDGo
f ¼ �34:18 kJmol�1Þ ð7bÞ

Fig. 5 Thin film X-ray diffraction spectrum of AZ91D alloy after

immersion for 2 h in 0.1 M H3PO4 (pH 1.8)
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Fig. 7 (a–d) EDX spectra of AZ91D alloy (a) air exposed un-

immersed sample (blank); and after immersion for 2 h in: (b) 0.1 M

Na3PO4 (pH 11.8); (c) 0.1 M NaH2PO4 (pH 4.5); or (d) 0.1 M H3PO4

(pH 1.8)
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Moreover, EDX spectra were used to determine the

elemental analysis of the electrode surface before and after

the immersion tests which give further evidence for the

above results. Figure 7 presents EDX data for

mechanically polished AZ91D air exposed sample and

three other samples each exposed for 2 h to 0.1 M

solutions of each Na3PO4, NaH2PO4 or H3PO4. For the

unimmersed sample, the EDX spectra (Fig. 7a) show the

characteristic peaks of some of the constituent elements.

The EDX spectra for the Na3PO4 treated sample do not

exhibit additional lines but only some enhancement in the

oxygen signal and little reduction in the magnesium one

(Fig. 7b). The stability of the air-formed film in this basic

solution is thought to cause spontaneous passivation by

reducing the charge transfer kinetics of water and/or

oxygen reduction. For a sample treated in 0.1 M NaH2PO4

solution (Fig. 7c), however, the oxygen signal increases

significantly while the magnesium main peak decreases, in

addition to the appearance of two new prominent signals

with high intensity corresponding to aluminium and

phosphorous. The same spectra are also observed for the

sample immersed in 0.1 M H3PO4 solution (Fig. 7d), but

with more enhancement in the O, Al and P signals and

greater reduction in the Mg peak.

The above data clearly demonstrate that a defective

porous MgO film is formed in the aggressive acidic H3PO4

solution, as well as in the slightly acidic NaH2PO4 medium.

Due to high porosity of the formed film, a large amount of

phosphate ions from the electrolyte incorporates into its

outer part [30]. In addition, EDX spectra indicate that fol-

lowing 2 h immersion in the appreciably basic 0.1 M

Na3PO4 solution, the film formed on the surface is likely of

similar nature as the pre-existing naturally air formed film

which is highly stable and offers considerable protection to

the alloy. Due to the galvanic effect between the primary a
and the Al-rich b phase precipitated along grain boundaries

and the presence of a-eutectic, the corrosion begins in the

grain body then spreads to the eutectic areas. This leads to a

strong aluminum enrichment of the corrosion product layer

[31, 32], thereby its signal becomes visible in the EDX

spectra (Fig. 7c, d). It is well known that the b phase

(Mg17Al12) exhibits a passive behavior over a wide pH range

than either of its components [33]. Song et al. [34] showed

that the b phase can act as a galvanic cathode or as a barrier

for anodic dissolution depending on its volume fraction on

the surface. Hence, the relatively fine b phase network and

the Al-enrichment produced on the corroded surface will be

the key factors limiting progression of the corrosion attack.

Table 3 gives the EDX elemental analysis data for the

air formed film and the films formed after 2 h exposure in

0.1 M phosphate solutions of various pH. Based on the at%

Mg retaining in the surface film, which remarkably

decreases with decreasing solution pH, the relative surface

stability was calculated. This parameter represents the

percentage ratio of Mg content in the surface film of the

immersed sample to that of the air formed film. This seems

a better way to describe the relative surface protection at

various pH. It is clear that, in highly acidic solution, severe

corrosion attack occurs and the corrosion product film

affords inferior protection as compared to those formed at

higher pH values.

3.4 Potentiodynamic measurements

Figure 8 shows typical linear cathodic and anodic polari-

zation scans of AZ91D alloy in 0.1 M phosphate solution

of various pH. Basically, in all solutions the alloy exhibits

the same curve shape similar to that reported recently [22],

where the current changes smoothly and linearly around

the alloy reversible potential exhibiting cathodic and ano-

dic Tafel behavior. Meanwhile, no active–passive

transition peak can be discerned in the anodic trace, but a

passivation plateau extending to a large domain of potential

is observed characterized by an almost constant current

density whose value increases monotonically with

decreasing pH. Moreover, passive film breakdown is seen

to occur at potential located above the reversible potential

of oxygen evolution and is shifted to more positive values

with increasing pH.

The main electrochemical parameters are presented in

Table 4 and all are strongly pH-dependent. The results

reveal that anodic and cathodic Tafel slopes (ba and bc)

Table 3 EDX elemental analysis data of the surface film formed on AZ91D in air or after 2 h immersion in 0.1 M phosphate solutions of

various pH

Formation condition Element Relative stability (%)

Mg (%) Al (%) Zn (%) O (%) P (%) Cu (%)

Air formed (blank) 99.2 – 0.3 0.3 – 0.2 100

Na3PO4 pH 11.8 98.7 – 0.2 0.2 – – 99.5

NaH2PO4 pH 4.5 28.0 14.4 1.5 26.2 30.0 – 28.2

H3PO4 pH 1.8 5.30 19.8 1.5 29.6 43.8 – 5.3
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increase with decreasing solution pH which reflects more

promotion in the anodic and cathodic partial reactions of

the corrosion process represented by Eqs. 4 and 5,

respectively. The corrosion potential (Ecorr) and corrosion

current density (icorr) were calculated from the intersection

of the anodic and cathodic Tafel lines extrapolation using

Thales software. The Ecorr values determined here are

somewhat different from Est values given in Table 1 from

the OCP measurements. Indeed, this is due to partial

removal of the passive film as polarization scanning was

started at more negative potential relative to Est value. On

the other hand, the corrosion rate in terms of icorr decreases

almost linearly with increase in pH, as shown in Fig. 8b,

following the relation:

log icorr ¼ a� b pH ð8Þ

where a and b are two empirical constants dependent on the

examined system.

It is evident that, the corrosion rate in H3PO4 is the

highest among the four tested solutions and decreases with

increasing pH to become 100 times less in Na3PO4

medium. This means that AZ91D alloy has a very small

corrosion resistance in H3PO4 solution of lower pH (1.8)

and displays a superior anticorrosion performance in

Na3PO4 solution of higher pH (11.8). Generally, the

polarization results are in agreement with those obtained

from EIS, and suggest that the quality of the spontaneously

formed film, as a protective layer against corrosion,

improves greatly at higher pH. This is probably due to the

gradual conversion of MgO to the stable Mg(OH)2, which

leads to partial blocking of the film pores. Also, it has to be

noted that in Na2HPO4 solution with pH 9.1, there was a

visible white sludge deposit separated on the periphery of

the electrode surface, which is likely to be due to precip-

itation of the insoluble MgHPO4 as previously reported

[10].

4 Conclusion

The electrochemical techniques used in this investigation

show that AZ91D alloy exhibits spontaneous passivation in

0.1 M phosphate solutions with various pH. This is evident

by tracking the continuous positive shift in the OCP with

both the immersion time and solution pH. Fitting the EIS

data to a two-time constant equivalent circuit indicates that

the film formed on the alloy is a bi-layered consisting of an

innermost layer and a thicker outermost porous layer.

Inclusion of phosphate species into the outer layer of the

passivating film is responsible for the increase in its

resistance (R1) as compared with R2 for the inner layer.

Thin film XRD pattern reveals that the film formed in acid

phosphate medium following 2 h immersion consists

mainly of crystalline Mg, MgH2 and MgO. The surface

film stability significantly decreases in the order:

Na3PO4 [ Na2HPO4 [ NaH2PO4 [ H3PO4, which is the

same sequence for increasing the corrosion rate of the alloy

with increasing pH. It is assumed that spontaneously

formed protective layers on the AZ91D surface greatly

improve with increasing phosphate pH due to gradual

conversion of MgO to Mg(OH)2, which leads to partial

blocking of the film pores.
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Fig. 8 a Potentiodynamic cathodic and anodic polarization scans of

AZ91D alloy in each 0.1 M solution of: (1) H3PO4 (pH 1.8); (2)

NaH2PO4 (pH 4.5); (3) Na2HPO4 (pH 9.1) or (4) Na3PO4 (pH 11.8). b
Dependence of the corrosion current density (icorr) of AZ91D alloy on

pH of the phosphate solution

Table 4 Electrochemical corrosion parameters of AZ91D alloy

immersed for 2 h in 0.1 M solution of each: H3PO4, NaH2PO4,

Na2HPO4 and Na3PO4 of various pH

Medium bc/mV

dec-1
ba/mV

dec-1
icorr/lA

cm-2
Ecorr/V

H3PO4 (pH 1.8) -273 321 1,035 -1.79

NaH2PO4 (pH 4.5) -237 266 92.5 -1.65

Na2HPO4 (pH 9.1) -222 260 23.8 -1.47

Na3PO4 (pH 11.8) -138 107 7.8 -1.43
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Soc 150:B488

32. Ballerini G, Bardi U, Bignucolo R, Ceraolo G (2005) Corros Sci

47:2173

33. Lunder O, Lein JE, Aune TK, Nisancioglu K (1989) Corrosion

45:741

34. Song G, Atrens A, Dargusch M (1999) Corros Sci 41:249

J Appl Electrochem (2009) 39:583–591 591

123

http://www.chem.usu.edu/~sbialkow/Classes/3600/Overheads/H3A/H3A.html
http://www.chem.usu.edu/~sbialkow/Classes/3600/Overheads/H3A/H3A.html

	Electrochemical behavior of AZ91D magnesium alloy �in phosphate medium?part I. Effect of pH
	Abstract
	Introduction
	Experimental details
	Results and discussion
	Open circuit potential
	EIS measurements
	Surface examination
	Potentiodynamic measurements

	Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


