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Abstract- In this study, the effects of silicon addition and different cooling rates on the microstructure and mechanical 
properties of AZ91 magnesium alloys which are used in various industries have been investigated. For this aim, the AZ91 
alloys have been poured to a step-like mold. Additionally, silicon element has been added in the 2 wt. % to AZ91 to obtain 
AZ91+2 wt. % Si alloy and changes of different cooling rates have been observed. Results showed that hardness of alloys has 
been increased with cooling rates increase and silicon addition to this alloy. Also, with silicon addition in the 2 wt. % to AZ91 
that have been occurred Mg2Si phases. Depending on change in the cooling rate, phase of Mg17Al12 has been changed and 
thinner grains have been obtained. The distance between the α-Mg particles is narrowed. 
 
Index Terms- AZ91, Cooling Rate, Mg Alloys, Mg2Si, Microstructure. 
 
I. INTRODUCTION 
 
Magnesium is the lightest of Metallic materials used as 
engineering materials [1]. Magnesium alloys are noted 
for their specific properties such as low density, easy 
recycling, abundant resources and corrosion resistance 
[2, 3]. Due to the lightness and alloying and good 
strength properties of magnesium alloys have attracted 
considerable interest in recent years with the use of 
many fields such as automotive, electronics and 
aviation industry [4-7]. Magnesium (Mg) is by weight, 
78% lighter than iron (Fe) and steel, and 36% than 
aluminum (Al) [8]. Mg-Al based alloys have low 
creep resistance due to the thermal instability of the 
Mg17Al12 phase [9, 10]. In the Mg alloys Mg17Al12 
intermetallics are formed at low temperatures (≤ 120 ° 
C)" to improve the strength of the alloy. Changes in 
the amount of Al change the amount of Mg17Al12 
intermetallic phase formed in the alloy, as well as the 
limit of solid solubility in the matrix. The 
interpretation of the mechanical properties in this case 
is based on the influence of the Mg17Al12 intermetallic 
phase in the matrix, so that the composition of the 
reflective matrix must also be considered [11, 12]. 
AZ91 (Mg-9Al-1Zn) Magnesium alloy; offers a 
combination of excellent castability, good mechanical 
properties at room temperature and low cost. 
However, the use of Mg alloys is limited due to poor 
heat resistance [13].  For the application of magnesium 
alloys in hot parts, the development of high 
temperature properties has become a critical issue [14, 
15]. Silicon (Si) has long been used as a cheap element 
to improve the mechanical properties of Mg alloys at 
elevated temperatures [16-18]. Since the solubility of 
Si in Mg is rather low; Mg2Si intermetallics are 
formed by adding Si to Mg alloys. The Mg2Si phase 

formed by the addition of Si is a useful intermetallic 
compound exhibiting a high melting point, low 
density, high modulus of elasticity. Studies conducted 
by Unal et al. [19] have indicated that there is an 
increase in hot tear and a decrease in flow due to the 
increase of Si addition to AZ91. The increase of the Si 
ratio proportionally increased the tensile and yield 
strength. When the microstructure results were 
examined, it was observed that the grains were 
inclined depending on the amount of Si and the 
intermetallic phase of Mg17Al12 was modified and also 
the Mg2Si phase was formed [19]. In the literature, in 
order to increase the mechanical properties of AZ 
series magnesium alloys, there are few studies to 
attenuate the microstructure with the aid of rapid 
solidification except micro-alloying [11, 12]. It is 
known that rapid solidification technology thins out 
grain size. The Mg alloys formed by rapid 
solidification have many advantages, expand solid 
solubility and form non equilibrium phases as well as 
eliminating particles and precipitates to a considerable 
extent [20, 21].  Reported that with increasing cooling 
rate of AZ91 magnesium alloy mechanical properties 
of the alloy improve as well as the grain structure 
became thin, the amount of Mg17Al12 phase decreased, 
the network deteriorated [22].  In this study, it was 
aimed to investigate how microstructure and 
mechanical properties (tensile, yield, % elongation 
and hardness) of Mg alloys obtained by AZ91 and 
AZ91 + 2 wt. % Si additions were produced at 
different cooling rates.  
 
II. EXPERIMENTAL STUDIES 
 
Atmospherically controlled furnace and stainless steel 
crucibles were used for melting the alloys. After 
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reaching alloy casting temperature of 800°C, via the 
opening and closing arm of the melting furnace the 
base of the melting pot is opened properly and the flow 
of the molten liquid metal is provided. SF6 shielding 
gas was used during melting and casting [23].  
In the preparation of AZ91 magnesium alloy, Al-Si 
master alloy as well as 99.9% pure Mg, Al and Zn 
were used. Test specimens were casted by a second 
fusion of the prepared pre-alloys. Analyzes of the 
alloys used in the experimental studies are shown in 
Table 1. 
 

Table 1 Chemical composition of the alloys 

 
 
The step-like molds and measurements used in the 
experimental studies are shown in figure 1. 
Microstructure and mechanical properties were 
evaluated in 4 different parts. 
 

 
Fig.1 Multi - step permanent mold and sampling position for 

mechanical testing and microstructure observation. 
 
For hardness and microstructure testing, the surface of 
the samples was sanded with 400, 600, 800, 1000, and 
1200 mesh SiC. In addition, after polishing with 1 μm 
Al2O3 paste, the surfaces were cleaned with alcohol. 
HMV model SHIMADZU digital hardness device and 
diamond square pyramid tip were used in hardness 
tests.  
 
From the surface of the prepared test specimens, the 
hardness measure from 5 different points was taken 
and the averages of these measurements were taken. 
Three samples were prepared at each stage in the 
tensile samples. 
 
III. RESULTS AND DISCUSSION 
 
A.  Solidification and Microstructure  
In experimental studies; AZ91 and AZ91 + 2wt. % Si 
alloys were cast into a step-like mold, respectively, 
and microstructure images were obtained from the 
samples taken from 4 different stages solidified in both 
alloys at different cooling rates. The microstructure 

images obtained according to the cooling rates and the 
alloy are given in Figure 2, and the SEM images are 
given in Figure 3 and Figure4.  
In the microstructure of the AZ91 alloy, which is 
casted into the step-like mold, the main matrix phase 
of α + Mg is present. It appears that the berry occurs 
from eutectic and intermetallic phases extending along 
the grain boundaries in the main matrix. These phases 
are assumed to be Mg-Al eutectic and Mg17Al12 
intermetallic [24]. When the microstructure drawings 
were examined, it was seen that the grain structure of 
the alloy decreased and the Mg17Al12 intermetallic 
phases formed at the grain boundaries were 
fragmentized due to the increase of the cooling rate. 
When the microstructure and SEM images were 
examined, phases of the grain boundaries of AZ91 
alloy were changed by the effect of rapid cooling, and 
the Mg17Al12 phases formed at the grain boundaries 
were fragmentized. 
 
In the alloy containing AZ91 + 2 wt. % Si, the Mg2Si 
phase was formed by the effect of Si addition. This 
condition has also been reported by Aizawa and 
Candan [25,26].  Due to the effect of rapid 
solidification grain boundaries become smaller and in 
the IV. stage by the Si effect, the Mg2Si phase was 
fragmentized and a chinese script was observed. 

 

 

 
Fig.2 Microstructural views of AZ91 and AZ91+ 2 wt. % Si 

alloys. I.Step, II.Step, III.Step, IV.Step 
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Fig.3 SEM micrograph and EDS spectra of AZ91 magnesium 

alloy (a) Step I, (b) Step IV 
 

 
Fig.4 SEM micrograph and EDS spectra of 2 wt. % Si 

magnesium alloy (a) Step I, (b) Step IV 
 
B.  Mechanical Properties  
Figure 5-Figure 8 show the changes in the results of 
the mechanical tests (Tensile, Yield, % Elongation and 
Hardness) depending on the cooling rate of the AZ91 
and AZ91 + 2 wt. % Si alloys casted into the step-like 
mold. When AZ91 and AZ91 + 2 wt. % Si alloys were 
examined separately, it is observed that there is a 
gradual increase in tensile, yield, % elongation and 
hardness values parallel to the cooling rate.  
 
As shown in the microstructure study (Figure 2), as the 
cooling rate increases, the grain size decreases. It is 
stated in the literature that the reduction of the grain 
size increases the number of grain in the material, thus 
increasing the grain boundary ratio, which inhibits the 
dislocation movement in grain boundaries. 
 
As the grain size decreases, the hardness and strength 
of the material is expected to increase [22]. It was 
observed that the 2 wt. % Si addition of the alloy 
increased the hardness values and yield values of the 
AZ91 alloy at each step, while decreased significantly 
the % elongation amount due to the formation of the 
Mg2Si intermetallic phase. 
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Fig.5 Hardness of each a step 
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Fig.6 Ultimate tensile strength of each a step 
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Fig.7 Yield strength of each a step 
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Fig.8 Elongation (%)of each a step 
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CONCLUSIONS 
 
When the microstructures were examined, it was 
observed that the microstructure of AZ91 was 
composed of the main matrix of α + Mg and that 
Mg17Al12 intermetallic phase was formed at grain 
boundaries.  
 
With the addition of Si to AZ91, Mg2Si intermetallic 
phase was formed at room temperature and Mg2Si 
intermetallic phase fragmentized Mg17Al12 
intermetallic phase. It has also been observed that as 
the cooling rate increases, the morphology of the 
Mg2Si phase also changes.  
 
With the amount of 2 wt. % Si added to AZ91, the 
yield strength and hardness of the alloy were observed 
to increase and also increased cooling ratio developed 
the mechanical properties of the alloys.  
 
The addition of Si to AZ91 alloy significantly reduced 
the % elongation of AZ91 alloy.  
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