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Abstract:  

Precipitation behavior of Mg-Al alloys during isothermal ageing was investigated by dilatometry. Only continuous 

precipitation was observed in Mg-5.5Al during ageing at 175 °C, 200 °C and 225 °C, while both discontinuous 

and continuous precipitation occurred in Mg-8.9Al at the same ageing temperatures. Dilatometry curves showed 

that Mg-8.9Al expanded when aged at 225 °C and 250 °C. The results demonstrate that a high content of Al is 

beneficial for the discontinuous precipitation in binary Mg-Al alloys. Additional analyses implied that the 

expansion of Mg-8.9Al during isothermal ageing was attributed to the increment of lattice parameters of Mg cell. 

Moreover, continuous precipitation could suppress the discontinuous precipitation by reducing the driving force 

for the growth of discontinuous precipitates.  

1. Introduction  

Magnesium alloys with their low density and high specific strength are very attractive in automobile, aerospace 

and electronic industries. Among commercial magnesium alloys, the AZ series alloys are the most popular ones. 

The AZ series were developed based on the Mg-Al binary with additions of Zn and Mn. The maximum solubility 

of Al element decreases from 12.7 wt. % at the eutectic temperature (427 °C) to about 3.0 wt. % at 200 °C.1 This 

dramatic change in solubility of Al with temperature makes the AZ series alloys susceptible to ageing treatment. 

The β phase (Mg17Al12) is believed to be the only second phase formed in Mg-Al alloys during ageing; no other 

phases or GP zones form.2 The contents of Zn and Mn are relatively low in AZ series alloys. For instance, the 

most popular AZ91 alloy contains about 0.5-1.0 wt. % Zn and 0.3 wt. % Mn.  The small amount of Mn can 

improve corrosion resistance by reducing the impurity iron with the formation of intermetallics. The addition of 

Zn does not result in forming ternary phases but reducing the solubility of Al in the matrix and increasing the 

amount of β phase during ageing.3, 4  

The precipitation of β phase in Mg-Al alloys during isothermal ageing is either continuous or discontinuous. 

Normally, continuous and discontinuous precipitation can occur simultaneously.  However, under a certain 

condition, only discontinuous or continuous precipitation can be observed at the end of the ageing. Duly5 et al. 

proposed a “Precipitation morphology map” to predict the occuranceof discontinuous and continuous precipitation 

at different Al contents and ageing temperatures. According to their results, continuous precipitation dominates 

at both the high and low temperatures. At intermediate temperatures, only discontinuous precipitation occurs 

during isothermal ageing. However, the “Precipitation morphology map” is not consistent with the results obtained 

by other experiments. A research of AZ91 alloy conducted by Braszczyńska-Malik6 reported that discontinuous 

precipitation is favored at the low temperatures and continuous precipitation is favored at high temperatures. 

Moreover, at intermediate temperatures, the discontinuous and continuous precipitation can occur simultaneously. 
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Robson7 proposed a classical kinetic theory based model to predict the continuous and discontinuous precipitation 

behavior in Mg-Al alloys. The model took the competition between discontinuous and continuous precipitation 

into account to predict the final microstructure. Their results demonstrated that continuous precipitation could 

effectively suppress the discontinuous precipitation by reducing the super saturation of Al in matrix. In contrast, 

discontinuous precipitation had a weak influence in suppressing continuous precipitation.  

During the precipitation of second phase in alloys, the formation of a solute-depleted matrix and new phases is 

normally accompanied by a change in specific volume. Therefore, in the past dilatometry was popularly 

introduced to study the phase transformation of metals and their alloys.8-10 The industrially important time-

temperature-transformation (TTT) diagrams of steels were typically determined with the help of dilatometry. The 

dilatometry has also been used to study the precipitation in nonferrous alloys.11-13 It was usually performed during 

continuous heating and cooling or isothermal holding. In the current study, dilatometry was carried out during 

isothermal holding to investigate the precipitation behavior of Mg-8.9Al. 

 

2. Materials and Method 

Mg-A1 alloys content 5.5 and 8.9 wt. % Al were selected for the current research. Pure Mg was heated up to 

750 °C under the protection of Ar + 2 % SF6 gas, then pure Al was added into the Mg melt. The melt was stirred 

to ensure the homogeneous distribution of Al in the melt at a rate of 200 rpm for 20 min. After that, it was poured 

into a pre-heated permanent mold (700 °C) with a size of 70 mm in diameter and 230 mm in height. The filled 

mold was held at 670 °C for a few minutes and then lowered into the cooling water with a rate of 10 mm/s.  

The T4 heat treatment was conducted at 430±5 °C for 24 hrs under the protection of Ar gas. After T4 heat treatment, 

the materials were immediately quenched into the water to freeze the microstructure. The small samples with a 

size of about 10mm*10mm*10mm were cut from the T4 treated materials for ageing treatments. The ageing 

treatments were carried out in an oil bath at different temperatures (175 °C, 200 °C and 225 °C) for different time. 

The samples for dilatometry test were machined from the T4 treated materials with a size of 5 mm in diameter 

and 10 mm in height. The dilatometry test was performed in a vacuum environment to avoid the oxidation using 

a quenching & deformation dilatometer (TA instruments DIL 805A/D/T). This dilatometer offers a so-called high 

precision alpha measuring system which has a resolution of about 10 nm in the bulk length change. The samples 

were heated to the designed temperatures at a rate of 50 °C/s using inductive heating and then held for different 

time. The changes in length of samples were recorded automatically by the computer. The results were calibrated 

using a standard platinum sample.   

The chemical compositions of as-cast Mg-Al alloys were analyzed using spark optical emission spectroscopy 

(OES) (Spectroflame, Spectro, Kleve, Germany). The hardness measurements (HV5) were performed on a 

standard micro hardness tester (EMCOTEST M1C010, Karl Frank GmbH, Germany) with a load of 5kg and a 

dwell time of 10s. The samples for hardness measurements were mounted and ground with SiC abrasive paper 

from 800 grit to 2500 grit. For each selected point, 10 indentations were averaged to reduce the random errors. 

The precipitates after ageing were identified using X-ray diffractions. The X-ray diffractions were performed 

using the D8 ADVANCE diffractometer (Brucker, Billerica, Massachusetts, US). The diffraction patterns were 

measured with a step size of 0.01° and each a time of 0.5 s. The microstructure was characterized using optical 

microscope (OM, LEICA DMI5000 M microscope, Germany) and scanning electron microscope (SEM, TESCAN 
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VAGA3-SB, Brno, Czech Republic). For microstructural observation, the mounted samples were ground with 

SiC abrasive paper until 2500 grit. They were then carefully polished with water free OPS and 0.25 μm diamond 

suspension. The polished samples were etched in a solution of 8 g picric acid, 5 ml acetic acid, 10 ml distilled 

water, and 100 ml ethanol before their microstructural observations. 

3. Results and Discussion 

The chemical compositions of Mg-Al alloys are listed in Table. I. The actual compositions are close to the nominal 

one. The contents of impurities are very low. Fig. 1 shows the microstructures of the as-cast and T4 treated Mg-

8.9Al. The as-cast microstructure is consisted of α-Mg and eutectic α+β phases. The segregation of Al can be seen 

around the eutectic α+β phases because of the non-equilibrium solidification and relatively wide temperature 

range between the liquids and solidus. After solid solution treatment, the eutectic α+β phase was totally dissolved 

into the matrix. The distribution of Al in the matrix is thought to be homogeneous because of the long solution 

treatment time.6 The microstructural characteristics of Mg-5.5Al before and after T4 treatment are similar to that 

of Mg-8.9Al, except for the less amount of eutectic α+β phases in the as-cast condition. The XRD diffraction 

patterns of Mg-8.9Al alloy after T4 treatment and ageing are shown in Fig. 2. Only Mg peaks exist in the T4 

treated sample, indicating that the β phase in the as-cast alloy was totally dissolved into the matrix. Compared to 

that for pure Mg, Mg peaks for T4 treated sample have an obvious shift. This shift is caused by the decreased 

lattice parameters, which is attributed to the dissolution of Al into Mg matrix. After ageing at 225 °C for 96 hrs, 

the peaks for the precipitates Mg17Al12 is identified. The shift of Mg peaks in the aged sample reduces compared 

to that of the T4 treated sample due to the depletion of Al in the matrix.1 

Table. I. Actual chemical compositions of Mg-Al alloys (wt. %). 

Alloy Al Zn Mn Si Fe Ni Mg 

Mg-5.5Al 5.56 0.004 0.006 <0.001 0.001 <0.001 Bal. 

Mg-8.9Al 8.77 0.004 0.005 <0.001 <0.001 <0.001 Bal. 

 

 

Fig. 1. Microstructures of Mg-8.9Al, (a) As-cast and (b) after T4 treatment. 

The ageing hardening curves of Mg-Al alloys at various temperatures are shown in Fig. 3. At the beginning of 

ageing, the hardness increases rapidly with the ageing time. The time to reach the peak value is about 16-30 hrs 

depending on the temperature and Al contents. It should be noted that the maximum hardness value was not 

observed for Mg-5.5Al aged at the low temperature 175 °C. With further increasing the ageing time, the hardness 
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of other specimens decreases gradually at both the low and high temperatures. At the end of ageing, the final 

hardness for Mg-8.9Al is much higher than that for the Mg-5.5Al at all ageing temperatures because of large 

amounts of precipitates. Fig. 3 also shows that at a higher ageing temperature the ageing time to reach the peak 

hardness is shorter and the final hardness is lower. The higher temperature raises the driving force for the 

precipitation; therefore, it is easier to reach the peak ageing. On the other hand, a higher temperature means a 

higher solubility of Al in the matrix, which decreases the final amount of precipitates and consequently the 

hardness reduces. 

 

 

Fig. 2. X-ray diffraction patterns of Mg-8.9Al with different heat treatments. 

 

Fig. 3. Ageing hardening curves of Mg-Al alloys, (a) Mg-5.5Al and (b) Mg-8.9Al. 

The microstructures of Mg-Al alloys after aged for 1 h are shown in Fig. 4. It is obvious that grain boundary 

precipitation occurred at the early stage of ageing in Mg-5.5Al. The precipitation preferentially began at grain 

boundaries due to the heterogeneous nucleation. In Mg-8.9Al, the discontinuous precipitation is observed. The 

volume of discontinuous precipitates increases with the temperature. The characteristic of discontinuous 

precipitation is the formation of a two-phase lamellar structure in the regions behind the moving grain boundaries. 

Although both the grain boundary precipitation in Mg-5.5Al and discontinuous precipitation in Mg-8.9Al started 
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at the grain boundary, these precipitates should not to be considered as the same.14, 15 In Mg-8.9Al aged at 225 °C, 

some continuous precipitates are observed. 

 

Fig. 4. Microstructures of Mg-Al alloys aged for 1 h. 

 (a) 5.5Al-175 °C (b) 5.5Al-200 °C (c) 5.5Al-225 °C (d) 8.9Al-175 °C (e) 8.9Al-200 °C (f) 8.9Al-225 °C 

Fig. 5 shows the microstructures of Mg-Al alloys after isothermal ageing for 96 hrs. The amount of β phase in 

Mg-5.5Al is much lower than that in Mg-8.9Al due to its lower content of Al. In the Mg-5.5Al, despite of small 

amount of precipitates, the continuous precipitation occurred everywhere and the discontinuous precipitation was 

not observed. The current result is different from that shown by Duly et al. 's “Precipitation morphology map”.5 

According to their map, only discontinuous precipitation occurred in Mg-5.5Al when ageing temperature is lower 

than 225 °C, while in the current research only continuous precipitation was observed. Moreover, after Mg-5.5Al 

was aged at much lower temperature 150 °C, both the discontinuous and continuous precipitation were observed. 

The results of low Al content Mg-Al obtained in the current research are inconsistent with that shown by Duly's 

“Precipitation morphology map”. 

 As seen in Fig. 5, both the discontinuous and continuous precipitation occurred in Mg-8.9Al when the ageing 

temperature ranges from 175 °C to 225 °C. Fig. 6 is the microstructure of Mg-8.9Al aged at 175 °C for 96 hrs. It 

is apparent that the discontinuous precipitation appears along grain boundaries and continuous precipitation 

dominates inside grains. Interestingly, at the same ageing temperatures, the discontinuous precipitation and 

continuous precipitation occurred simultaneously in Mg-8.9Al, while only the continuous precipitation was 

observed in Mg-5.5Al. Previous investigations on the influences of temperature on the precipitation of Mg-Al 

alloys demonstrated that the discontinuous precipitation is favored at low temperatures and the continuous 

precipitation is favored at high temperatures. Current investigation also indicated that Al content plays an 

important role in determining the precipitation type. The discontinuous precipitation was believed to initiate with 

the heterogeneous nucleation at grain boundaries and grow up by the migrations of grain boundaries. Fig. 4 

indicates the precipitates along grain boundaries in the Mg-5.5Al aged for 1 h was suppressed. There exist various 

driving force for grain boundary migration, including stored deformation energy, grain boundary energy, chemical 
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driving force, temperature gradient and so on.16, 17 Since the present samples were prepared in the same manner, 

the only difference between Mg-5.5Al and Mg-8.9Al samples is the Al contents. It could be concluded that high 

content of Al in the Mg-Al alloys could provide a high driving force for grain boundaries migration. 

 

Fig. 5. Microstructures of Mg-Al alloys aged for 96 hrs. 

(a) 5.5Al-175 °C (b) 5.5Al-200 °C (c) 5.5Al-225 °C (d) 8.9Al-175 °C (e) 8.9Al-200 °C (f) 8.9Al-225 °C 

 

Fig. 6. Mg-8.9Al aged at 175 °C for 96 hrs. The dark areas pointed by white arrows are the regions of 

discontinuous precipitation. The regions of continuous precipitation have a white contrast. 

As shown in Fig. 7, Mg-8.9Al underwent an expansion during isothermal ageing at both 225 °C and 250 °C. The 

expansion of Mg-8.9Al sample was unexpected because the density of β phase (Mg17Al12) is higher than that of 

AZ91alloy. It should shrink with precipitation of β phase. The presently observed expansion is quite strange. 

During a dilatometry test, the length change of a specimen is directly correlated with thermal expansion, phase 

transformation and evolution of lattice parameters etc. In the current study, due to the constant ageing temperature 

there should be no thermal expansion. Moreover, the precipitation of β phase causes a shrinkage because of its 

higher density. Therfore, the present unexpected expansion of Mg-8.9Al alloy should be the results of change in 

the lattice parameters of Mg cell. The lattice parameters of Mg matrix can be calculated from the XRD patterns 
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in Fig. 2 according to the Bragg’s law. In the T4 condition, the lattice parameters are a=0.3177 nm and c=0.5168 

nm. After aged at 225 °C for 96 hrs, they increase to 0.3198 nm and 0.5190 nm, respectively. The precipitation of 

β phase decreased the Al content in the matrix, and consequently caused the increase of lattice parameters.1 

Assuming the alloy is an ideal material, then the volume expansion caused by the lattice parameter change is about 

1.7 %. The linear expansion is about one third of the volume expansion,18 therefore it would be around 0.57%. 

Hence, the linear expansion caused by the lattice change in the current sample is about 57 μm. If suggesting that 

the precipitation was accomplished after aged at 225 °C for 96 hrs, then the contraction due to the precipitation 

could be calculated. The solubility of Al in Mg matrix at 225 °C is about 3.5 wt. %, so about 5.27 wt. % Al in Mg 

matrix should transform into β phase. The density of β phase is about 2.04 g/cm3 and AZ91 alloy is 1.81 g/cm3.  

Therefore, the volume contraction caused by the precipitation is about 1.3 % and the linear contraction would be 

0.43%. Hence, the linear contraction caused by the precipitation is about 43 μm. The calculated results show that 

the expansion caused by the lattice parameter change can totally overcome the contraction due to precipitation.  

Fig. 7b also shows the expansion rate is higher at the early stage of ageing and then tends to be stable. After ageing 

at the higher temperature 250 °C for about 1200 min, the change in sample length is inconspicuous.  In contrast, 

at the lower temperature 225 °C (Fig. 7a), the expansion rate keeps almost a constant until 1400 min. These results 

implies that the higher ageing temperature could accelerate the precipitation in Mg-8.9Al.   

The microstructure characteristics of Mg-8.9Al aged at 225 °C and 250 °C are shown in Fig. 8. After ageing for 

1 h, the discontinuous precipitation is dominant. With further increasing the ageing time, the volume fraction of 

discontinuous precipitates increases slightly while the volume fraction of continuous precipitates increases a lot. 

After ageing for a same time, the amount of precipitates in the alloy aged at 250°C is apparently higher than that 

at 225°C. This further confirmed that the higher ageing temperature accelerated the precipitation. Compare the 

volumes of discontinuous and continuous precipitates aged for different time, it can be concluded that the 

discontinuous precipitation was prone to occur at the beginning of ageing. During ageing, the growth of the 

discontinuous precipitates could be suppressed by continuous precipitates. The growth of continuous precipitates 

consumed the supersaturated Al in the matrix. Consequently, the driving force for the growth of discontinuous 

precipitates reduced.5, 7 In addition, small continuous precipitates could act as the obstacles to pin the migration 

of grain boundaries.7, 15 Hence, the continuous precipitation had a strong effect on the suppressing the 

discontinuous precipitation. 

 

 Fig. 7. Dilatometric curves of the Mg-8.9Al aged at various temperatures (a) 225 °C and (b) 250 °C. 
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Fig. 8. Mg-8.9Al aged at various conditions. The areas pointed by white arrows are discontinuous precipitation 

(DP) and that pointed by black arrows are continuous precipitation (CP).  

(a) 225 °C-1 h (b) 225 °C-2 hrs (c) 225 °C-4 hrs (d) 225 °C-8 hrs (e) 250 °C-1 h (f) 250 °C-2 hrs (g) 250 °C-4 

hrs (h) 250 °C-8 hrs 

 

4. Conclusion 

(1) Only the continuous precipitation occurs in the low aluminum Mg-5.5Al alloy when the ageing 

temperature ranges from 175 °C to 225 °C. In the high aluminum Mg-8.9Al alloy, both the discontinuous 

and continuous precipitations occur simultaneously at all ageing temperatures. These different 

precipitation behaviors are caused by the different chemical driving forces due to the different Al content.  

(2) The continuous precipitation can suppress the growth of discontinuous precipitation in two ways. Firstly, 

continuous precipitation can reduce the driving force for discontinuous precipitation growth by 

consuming the supersaturated Al in the matrix. Secondly, continuous precipitation act as the obstacles to 

suppress the growth of discontinuous precipitation. 

(3) Mg-8.9Al alloy expands during isothermal ageing at both 225 °C and 250 °C. Its expansion is attributed 

to the phase transformation during ageing, i.e. beta phase precipitation. The formation of beta phase 

reduces the content of Al in Mg matrix and then results in the increment of lattice parameters of Mg cell. 
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