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INTRODUCTION

With energy crisis and attention of environment protection,

light-weight and recyclable materials are in great need. As

the lightest engineering material among metallic structural

materials, magnesium alloy is possessed of several advantages

including high thermal conductivity, high specific stiffness,

high damping capacity, excellent machinability, good cast-

ability and recyclability1-4. Therefore, magnesium alloys have

a potential for use as a structure and engineering material in

many fields such as aerospace, electronic, automobile indus-

tries5,6. However, the corrosion performance of magnesium

alloy is a major obstacle to its wider structural applications7.

Strontium and manganese are two important additives

used in magnesium alloys. As a representative alkaline-earth

element, Sr has also been considered for alloying with Mg

alloys.

The alloying effects of strontium on magnesium alloys,

e.g., Mg-Al based alloys, have been found to display superior

creep performance and excellent high-temperature properties8.

Recently, several studies have demonstrated the industrial use

of Sr, especially for the modification of Al-Si alloys9. These
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results suggest the potential use of Sr as an additive for realizing

grain refinement in Mg-Al alloy series10. Nevertheless, there

were few reports about the effects of Sr on the corrosion

resistance of Mg-Al alloy. Instead, it has been reported that

the addition of Mn transforms Fe and certain other impurities

in the magnesium alloy to relatively harmless intermetallic

compounds. Furthermore, Mn addition contributes to grain

refinement and high formability during extrusion11-13. Mean-

while, the combinative role of Sr and Mn on the microstructure

and corrosion resistance of magnesium alloy has not been

systematically investigated.

Therefore, the aim of this work was to investigate the effect

of Mg-Sr and Mg-Mn master alloys addition on the micro-

structure and corrosion resistance of the as-cast Mg-3Al alloy.

EXPERIMENTAL

The alloy was prepared using 99.9 % pure ingots of Mg

and Al. Master alloys were prepared in the composition of

Mg-5 % Mn and Mg-5 % Sr (mass fraction), which contained

Mn and Sr, respectively. The materials were first loaded in a

graphite crucible, which was mounted in a vacuum induction

furnace. Subsequently, the furnace chamber was evacuated
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and maintained at a pressure of 1 ×  10-1 Pa. Prior to melting,

Ar gas was introduced into the chamber and maintained at

standard atmospheric pressure during melting. The melt was

maintained at 720 °C for 0.5 h, without stirring the mixture.

Following that, the melt was cast in a permanent mold of

dimension 90 mm × 300 mm, which was preheated to a tempe-

rature of 280 °C. The as-cast specimens of Mg-3Al-0.5Mn,

Mg-3Al-0.5Sr and Mg-3Al-0.5Mn-0.5Sr were machined from

Φ90 to Φ80 mm. Following that, the homogenization treatment

was conducted in a vacuum furnace at 380 °C for 12 h. For

the homogenization treatment, the furnace chamber was

evacuated to 1 × 10-1 Pa, with the supply of Ar at atmospheric

pressure during the homogenization. Chemical compositions

of the ingots were verified by taking X-ray fluorescence

spectrometry at the center of the ingots. The corresponding

results are summarized in Table-1.

TABLE-1 
ACTUAL CHEMICAL COMPOSITIONS 

OF THE EXPERIMENTAL ALLOYS, wt % 

Mass fraction (%) Alloy  
treatment 

Alloy 
Al Mn Sr Mg 

Mg-3Al-0.5Mn 3.12 0.51 – Bal. 

Mg-3Al-0.5Sr 3.09 – 0.45 Bal. As-cast 

Mg-3Al-0.5Mn-0.5Sr 3.31 0.49 0.51 Bal. 

 
The electrochemical measurements were conducted using

CHI660 electrochemical workstation. The corrosive medium

was 3.5 % NaCl solution and the three-electrode system was

used with 232 model saturated calomel electrode as reference

electrode, the as-cast experimental alloy as working electrode

and 213 model Pt electrode as auxiliary electrode. Different

alloy specimens of Tafel polarization curve were tested

respectively. And the scan range from 0.4 to 2.2 V, the scanning

rate was 10 mV/s.

The salt spray test was performed in the FQY025 salt spray

cabinet at room temperature for 48 h. The corrosive medium

was 3.5 % NaCl solution and the pH value was 7.5. The tested

specimens were gently washed by water after the test and

dipped into the solution of 200 g/L CrO3 and 10 g/L AgNO3

for 5 min to remove the salt deposits from the surface, then

washed by acetone and distilled water and immediately dried

and finally weighed14.

The metallographic specimens were cut from the same

position after each casting step. The cut specimens were

polished and etched in an 8 % nitric acid solution in distilled

water and a solution of 1.5 g picric, 25 mL ethanol, 5 mL

acetic acid and 10 mL distilled water. The obtained specimens

were analyzed by using optical microscope (olympus) and

scanning electron microscope (SEM, JOEL/JSM-6460LV)

equipped with an Oxford energy-dispersive X-ray spectroscope

(EDS). In addition, the crystalline phase of the specimens was

identified by using X-ray diffraction (XRD, D/MAX-A)

analysis.

RESULTS AND DISCUSSION

Microstructure of alloys: Fig. 1 shows the microstructure

of the as-cast experimental alloys. It is observed from Fig. 1

that the intermetallic phase is distributed between the dendrites

of primary α-Mg matrix phase. XRD patterns of as-cast AM30,

AJ30 and AMJ300 alloys are presented in Fig. 2. The results

indicate that AM30 alloy is composed of α-Mg and Al11Mn14

phases, whereas the AJ30 alloy consists of α-Mg, Mg17Sr2

and Al4Sr phases. Beyond above phases, AMJ300 alloy is

composed of Mn phase. Furthermore, we observe that the

Mg17Sr2 peaks increase in AMJ300 alloy. The contrast

tomography indicates significant broadening of the weak

diffraction patterns of Mg17Sr2 and Mn precipitated in the

AMJ300 alloy.

Fig. 1. Optical micrographs showing the microstructure of the investigated

alloys in as-casting: (a) Mg-3Al-0.5 Mn; (b) Mg-3Al-0.5Sr;

(c) Mg-3Al-0.5Mn-0.5Sr
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Fig. 2. X-ray diffraction patterns of the investigated alloys in as-casting:

(a) Mg-3Al-0.5Mn; (b) Mg-3Al-0.5Sr; (c) Mg-3Al-0.5Mn-0.5Sr

It is found from Fig. 1 that the secondary dendrite arm

spacinging (DAS) of the α-Mg phases in the Sr-containing

alloys, which was measured by the standard linear intercept

method, are relatively smaller than Mg-3Al-0.5Mn alloy

(Table-2) and with increasing Sr, the boundary line of the Mg

phases in the as-cast experimental alloys present more clearly15.

The above results preliminarily indicate that adding 0.5 wt.%

Sr to the Mg-3Al alloy can refine the grains of the alloy and

the refining effect of Sr is better than Mn under the same

conditions. However, the addition of Sr is not as effective as the

simultaneous addition of Sr+Mn for the refinement of grains.

The secondary dendrite arm spacing (DAS) of the primary

α-Mg phases in Mg-3Al-0.5Mn-0.5Sr alloy is the smallest and

the boundary line is the most clearly shown in Fig. 1c.

TABLE-2 
DENDRITE ARM SPACING (DAS) OF THE  

AS-CAST EXPERIMENTAL ALLOYS 

Experimental 
alloys 

Mg–3Al–0.5Mn 
(AM30) 

Mg–3Al–0.5Sr 
(AJ30) 

Mg–3Al–0.5Mn–
0.5Sr (AMJ300) 

DAS (µm) 189.75 117.63 80.28 

 
The effect of Sr addition on the grain size of as-cast Mg-Al

and Mg-Al-Mn alloys can be explained on the basis of growth

restriction factor (GRF)16.

i 0,i i

i

GRF m c (k – 1)=∑ (1)

Here mi is the slope of the liquidus line in the binary phase

diagram, c0,i is the initial concentration of component i and Ki

is the equilibrium partition coefficient of component i. Lee

and others contend that the refinement mechanism of Sr in

Mg alloys is GRF mechanism. Sr atoms will be enrichment at

the forefront of solid-liquid interface during the solidification

quickly, because the solubility of Sr atoms is low in magne-

sium, thus preventing α-Mg crystals grains grow. In general,

GRF represents the ability to inhibit grain growth. The greater

the value of GRF, stronger is its ability to inhibit grain growth.

According to the binary phase diagrams of Mg-Sr alloy, mSr =

-3.53, kSr = 0.006 and mSr (kSr – 1) = 3.5117. Substituting these

values in eqn. (1), it can be seen that GRF increases with Sr

content. Accordingly, the grain growth is inhibited with

increase in Sr content, realizing the goal of grain refinement.

The as-cast experimental alloys are characterized via SEM

equipped with an EDS and a computer-controlled imaging

system. The SEM images of the as-cast AM30 alloy shown in

Fig. 3a,b, the blocky and short rod-like intermetallic com-

pounds are randomly distributed in the α-Mg matrixes. From

Fig. 3b, quantitative EDS analysis indicates that the atomic

ratio of Al to Mn at location A is approximately 11:14. Corre-

lating this with the XRD results reported earlier, we conclude

that the blocky and short rod-like of intermetallic compounds

are Al11Mn14. Fig. 3c, d show the SEM morphology and EDS

point analysis, respectively, of the as-cast AJ30 alloy. SEM

image of the alloy indicates the formation of new intermetallic

compound with irregular shape, distributed at the interfaces

between the dendrite arms of primary α-Mg phases. EDS point

analysis, which was performed at location B, indicates the

presence of Mg, Al and Sr. The corresponding atomic ratio of

Al to Sr is estimated to be 4:1. Correlating with the XRD

results, these compounds may comprise Al4Sr.

Fig. 3. SEM graph and EDS analysis for the Mg-3Al-0.5Mn alloy (a) (b),

Mg-3Al-0.5Sr alloy (c) (d)

SEM images and micro-area chemical composition

analysis results of the as-cast AMJ300 alloy are shown in Fig. 4.

From the SEM images and the EDS mapping of Mg, Al, Mn

and Sr, it can be known that the elements of Mg are uniformly

distributed in the entire alloy matrix, the block compound is a

Mn-rich and Al-rich phase and dendrite compound is a Sr-rich

and Al-rich phase as given in Fig. 4b-f. Correlating with the

XRD results, these compounds can be related to Al4Sr and

Mg17Sr2.
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Fig. 4. SEM images and EDS analysis of as-cast Mg-3Al-0.5Mn-0.5Sr

alloy: (a) (b) SEM image, (c) mapping of Mg element, (d) mapping

of Al element, (e) mapping of Mn element, (f) mapping of Sr

Polarization curves: Fig. 5 shows the potentiodynamic

Tafel polarization curves of as-cast AM30, AJ30 and AMJ300

alloys in 3.5 % NaCl solution. It can be concluded that the

open circuit voltage, corrosion voltage and corrosion current

of experimental alloy solution by the test. The results are listed

in Table-2. These data can judge the corrosion-resistance of

experiment alloy in the electrolyte solution. Corrosion current

density means the pass of electric quantity (the number of

coulombs) in unit time and unit area for metallic materials.

The corrosion rate of the alloy can be estimated by Faraday's

law about the conversion of electrochemical parameters.

corr corr
i iW

V N
F n F

= × = × (2)

Here V is corrosion rate (g/m2 h), icorr is current density

(mA/cm2), N is weight of alloy (g), W is atomic weights of

metal, n is the valence number of metallics, F is Faraday

constant18. Substituting these values in eqn. (2), it can be seen

that V increases with icorr. The corrosion rate of alloy can be

decided on the base of the Fig. 5 and Table-3. Accordingly,

the corrosion rate of AM30 alloy is minimum, the AMJ300 is

take second place and the AJ30 alloy is maximum. The

corrosion resistance of Mn is better than Sr with the same

content. The solid solubility of Mn in Mg is very low and do

not generate intermetallic compounds with Mg. Furthermore,

the Mn can generate the high-melting-point intermetallic

compounds with Fe impurity and precipitate out of the Mg

alloy, which seriously damage the Mg alloy corrosion resistant

performance. However, Sr can react with Mg and generate the

Mg17Sr2 intermetallic compounds which distributed along the

grain boundaries with discontinuous network morphology.

This is not good for the corrosion resistance of alloy.

TABLE-3 
TAFEL FITTING RESULTS OF POLARIZATION 

CURVES OF THE AS-CAST EXPERIMENTAL ALLOYS 

Alloy 
Time 
(min) 

Open circuit 
voltage 

(V) 

Corrosion 
voltage 

(V) 

Corrosion 
current density 

(µA cm
-2
) 

Mg–3Al–0.5Mn 6 -1.3106 -1.2218 145.31 

Mg–3Al–0.5Sr 6 -1.4115 -1.3201 342.37 

Mg–3Al–0.5Mn–0.5Sr 6 -1.5569 -1.4483 152.72 
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Fig. 5. Tafel polarization curves of the investigated alloys in 3.5 % NaCl

solution

Fig. 6 shows the surfaces of the corroded alloys after

electrochemistry corrosion in 3.5 % NaCl solution. After tests,

the surfaces of all the samples are covered by corrosion products,

which are composed of globular particles. The corrosion

morphology of these three alloys is the typical pitting corrosion.

From the Fig. 6a,d,g it can be founded that the amount and

area of globular particles on AM30 is minimum, the AMJ300

is takes second place and the AJ30 alloy is maximum, which

reflects the corrosion resistance of AM30 is the best while the

AJ30 alloy is worst. Most of the corrosion products drop from

the surface of AJ30 and AMJ300 alloy specimens. The Al-Sr

phases white granule and fibre shapes are covered around

chapped corrosion area and there are some Al-Sr phases in

the crack of corrosion area (Fig. 6e,f,h,i). Fig. 6 also indicated

that the centre of the grain had less pittings than the outside of

the grain. Accordingly, Al-Sr and Mg-Sr intermetallic com-

pounds in the gap of α-Mg dendritic crystal are the main reason

8336  Xu et al. Asian J. Chem.



about anticorrosion ability decline. Consequently, the corrosion

mode and corrosion rate were associated with the quantity of

Al-Sr phases and Mg-Sr phases concentration of the α-Mg

phase boundaries. However, the specimen of AM30 alloy is

etched, as shown in Fig. 6a,b,c. Therefore, AM30 specimen is

corroded slightly and its surface is just of selective corrosion,

which is consistent with the corrosion rate of the alloy.

Analysis of salt spray test: The mass loss rate curve of

as-cast AM30, AJ30 and AMJ300 alloys immersed in 3.5 %

NaCl solution for 24 h is shown in Fig. 7. The corrosion

products were removed from the specimens every 3 h for the

solution continuously measurement. The corrosion rate of

AM30 alloy is the minimum of 0.292 mg/(cm2 h) and the

corrosion resistance is the best. It is seen that the corrosion

rate decreases after simultaneously adding the Mn to Mg-Al

alloy. It is indicated that Mn can improve the corrosion

resistance of Mg-Al alloy greatly. However, the corrosion rate

of AJ30 and AMJ300 alloy is 0.485 mg/(cm2 h) and 0.376

mg/(cm2 h), respectively. It suggests that the corrosion of
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Fig. 7. Mass loss rate curves of the investigated alloys after immersion in

3.5 % NaCl solution for 24 h

AJ30 and AMJ300 alloys is much worse than that of AM30,

which can also reflect that the anti-corrosive function of element

Mn is better than element Sr in Mg-Al alloy.

The XRD patterns of corrosion products on the surface

of three samples after immersion are shown in Fig. 8. From

Fig. 8, it was found that the corrosion products mainly consis-

ted of Mg(OH)2. The reduction of water and the dissolution of

magnesium, respectively is the mainly cathode and anode

reaction on the surface of the magnesium alloy in NaCl solu-

tion19,20.

2H2O + 2e → H2 + 2OH– (3)

Mg → Mg2+ + 2e  (4)

Magnesium ions and hydroxyl ions reaction followed,

which will generate soluble or insoluble products depending

on the pH of solution21.

Mg2+ + 2OH– → Mg(OH)2 (5)
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Fig. 8. XRD patterns of the investigated alloys in corroding: (a) Mg-3Al-

0.5Mn; (b) Mg-3Al-0.5Sr; (c) Mg-3Al-0.5Mn-0.5Sr

Fig. 6. Micro-corrosion morphology of the investigated alloys: (a) (b) (c) Mg-3Al-0.5Mn; (d) (e) (f) Mg-3Al-0.5Sr; (g) (h) (i) Mg-3Al-0.5Mn-0.5Sr
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Conclusion

With Sr addition, notable the secondary dendrite arm

spacing of the primary α-Mg phase to be refined and when

the Sr and Mn were added at same time, the refining effect is

the best. The as-cast AM30 alloy comprises α-Mg and Al11Mn14

phases. The addition of Sr results in the formation of new

irregular shaped intermetallic compounds formed and distri-

buted along the dendrite arm of α-Mg phases with continuous

and/or quasi-continuous nets. XRD and EDS analyses show

that the precipitated compounds are Al4Sr and Mg17Sr2. Beyond

above phases, AMJ300 alloy is composed of Mn phase.

According to the corrosion current density and corrosion rate,

the corrosion resistance of AJ30 and AMJ300 alloys is much

worse than that of AM30, which can also reflect that the anti-

corrosive function of element Mn is better than element Sr in

Mg-Al alloy.
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