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Abstract 

In this article, the microstructure of AZ91C magnesium alloy castings produced by investment casting was 

investigated. Castings were studied in as-cast state and after T4 and T6 heat treatment. The identification  

of all phases in microstructure was carried out using a scanning electron microscope (SEM) with energy 

dispersive X-ray spectroscopy (EDS) analysis. The influence of cooling rate after casting, temperature  

of solution annealing, temperature of artificial aging and cooling rate after heat treatment on the microstructural 

characteristics such as secondary dendrite arm spacing (SDAS) or grain size was studied. The SDAS analyses 

were carried out using a light microscopy with the subsequent image analysis. Except of Mg-Al solid solution 

and Mg17Al12 precipitates, the microstructure contains other phases based on Mg-Si  

and (Al, Si)-Mn in globular or needle morphology. The SDAS in as-cast state was measured and was of tens 

of micrometers, but after T4 heat treatment, the gran size exceeded 100 µm and the Mg17Al12 phase was still 

undissolved along the grain boundaries in samples with thicker wall dimension. After T6 heat treatment, 

continuous and discontinuous precipitates of Mg17Al12 phase were formed, most of them were nearby the grain 

boundaries proving the inhomogeneous distribution of Al atoms in solid solution after T4 heat treatment. 
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1. INTRODUCTION 

Many industrial areas in Europe face the problem of continuous climate change, which resulted in strong 

pressure on emission reduction of greenhouse gasses in all means of transportation. Especially automotive 

and aerospace industries are pushed very strongly to reduce emissions by the EU regulation 2016/1628.  

One way to reduce emissions in transport industry is to lower the weight of transport devices, this goal can  

be accomplished by replacing of heavy ferrous parts by lighter alloys, such as plastics, composites, aluminium 

alloys or magnesium alloys. Magnesium alloys of AZ, WE, ZK, ZW and other groups are already used by many 

manufacturers in automotive industry, the predominant processing technique is die casting. [1] 

Altrouht that die casted magnesium parts offer good combination of low weight, good mechanical properties 

and good surface quality, this technology can be economically used only for mass production of huge series. 

For small series production of magnesium alloy castings, conventional technologies face  

the problem of magnesium  high reactivity with oxygen, resulting in bad surface quality and high number  

of casting defects. Promissing casting technology in this field is investment casting, which is suitable  

for production of complex shapes and thin walls [2,3]. It is well known that mechanical properties of castings 

strongly depends on microstructure: grain size and casting defects. Initial microstructure of casting in as-cast 

state then influences the process and result of subsequent heat treatment [4]. In this article, microstructure  
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of AZ91C magnesium castings is studied both in as-cast state and after T4 and T6 heat treatment to find out 

the relationship between initial microstructure in as-cast state and microstructure after heat treatment.  

2. EXPERIMENTAL SETUP 

Magnesium AZ91C alloy castings were produced using investment casting. Ceramic shells in this work were 

manufactured using conventional procedure, which includes the use of colloidal silica as a binder  

and mullite/molochite as ceramic slurry and stucco. Protective gas was used during pouring of liquid metal.  

To change the cooling rate of castings, ceramic shells were cooled down using different cooling intensity.  

One set of samples was examined in as cast state to get information about SDAS. Another set  

of samples was heat treated according to CSN EN 1753 standard [5] using T4 and T6 heat treatment conditions 

as prescribed in this standard. Casting and heat treatment conditions of all samples studied in this article  

are summarized in Table 1. Samples with different wall thickness were chosen to study the influence of wall 

thickness on SDAS together with influence of different cooling speed. Low cooling speed represents cooling 

of the shell out of the furnace at ambient temperature. Moderate and high cooling speeds were simulated using 

the flow of compressed air around the shell using different air pressure. Thermal gradient inside the shell was 

not measured. After T4 heat treatment, samples were cooled down in the water batch  

as prescribed in CSN standard. Cooling after T6 treatment was at the ambient temperature outside  

the furnace.  

Table 1 Overview of samples studied in this work and their parameters 

Sample 

Wall 

thickness 

(mm) 

Cooling 

speed  

(-) 

Solution annealing Artificial aging 

Temp. 

(°C) 

Hold. 

Time  

(h) 

Cooling 

speed   

(-) 

Temp. 

(°C) 

Hold. 

Time  

(h) 

Cooling 

speed   

(-) 

A1 a 6 low - - - - - - 

A1 b 10 low - - - - - - 

A2 a 6 moderate - - - - - - 

A2 b 10 moderate - - - - - - 

A3 a 3 fast - - - - - - 

A3 b 6 fast - - - - - - 

A3 c 9 fast - - - - - - 

B1 2 low 415 20 fast - - - 

B2 18 low 415 20 fast - - - 

C1 10 low 415 20 fast 170 16 slow 

C2 10 moderate 415 20 fast 170 16 slow 
 

Casted and heat treated samples were cut and molded into resin to prepare metallographic samples. During 

preparation, standard grinding and polishing techniques were used using diamond suspensions with diamond 

size ranging from 9 µm to 0,25 µm. As the final step, samples were etched using acetic-picric etchant  

for A and C group samples or 2 % Nital etchant for B group samples.  

Light microscopy (DSX510, OLYMPUS) and electron microscopy (LYRA3, TESCAN) were used to study  

the microstructure of all samples. EDS analysis was used for chemical analysis and phase identification. 



May 22nd - 24th 2019, Brno, Czech Republic, EU 

 

 

 

3. EXPERIMENTAL RESULTS 

3.1. Microstructure in as-cast state 

Microstructure of AZ91C magnesium alloy in as-cast state has a dendritic structure. Dependence of SDAS  

on cooling rate and wall thickness was studied on 3 sets of samples (A1, A2, A3), which were manufactured 

using different cooling rates. In each set of samples, there are at least 2 samples with different wall thickness 

as can be seen in Table 1. SDAS varies between 26 µm and 35 µm depending on cooling rate and wall-

thickness. Comparisons of influence of wall thickness and cooling rate on SDAS are shown in Figure 1  

and Figure 2.  

  
Figure 1 Dependence of SDAS on cooling rate Figure 2 Dependence of SDAS on wall thickness 

Microstructure of AZ91C magnesium alloy in as-cast state consists primarily of αMg solid solution forming 

dendrites and Mg17Al12 intermetallic phase filling remaining interdendritic regions. Except of these two phases, 

microstructure contains manganese-rich precipitates with needle-like and sharp-edged morphology. All these 

phases can be seen in Figure 3, the chemical composition of these phases is summarized  

in Table 2.  

 
Figure 3 Microstructure of sample A1a 
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Table 2 Overview of analyzed phases in sample A1a 

Phase 
Mg 

(at%) 
Al 

(at%) 
Mn 

(at%) 
Si 

(at%) 
Zn 

(at%) 

α Mg rest 2.8 - 15 - - 0 - 0.5 

Mg17Al12 rest 32.9 - 34.5 - - 1.5 - 2.4 

(Al,Si)-Mn precipitate (needle-like) rest 42.5 - 46.7 24.3 - 27.7 3.5 - 4.6 - 

(Al,Si)-Mn precipitate (sharp-edge) rest 46.7 - 54.6 16.7 - 20.8 0.8 - 2.2 - 

 

3.2. Microstructure after heat treatment 

The first step in heat treatment process of AZ91C magnesium alloy is solution annealing, which was studied 

on two samples with different wall thickness (B1 and B2). Microstructure of sample with thinner wall of 3 mm 

contains no remaining Mg17Al12 phase (Figure 4), but the sample with thicker wall dimension contains 

remaining undissolved Mg17Al12 phase, proving that the hold time of 20 hours on T4 temperature  

was insufficient for complete dissolution of Mg17Al12 precipitates (Figure 5). The undesirable phenomenon 

connected with solution annealing is coarsening of microstructure. Grain size according to ISO 643 [9]  

was measured on both samples; the results are shown in Table 3. As can be seen, thinner sample exhibits 

smaller grain size, this is probably caused by significantly finer microstructure in as- cast state.  

  
Figure 4 Microstructure of B1 sample Figure 5 Microstructure of B2 sample showing 

undissolved Mg17Al12 precipitates 

 

Table 3 Results of grain size measurement 

Sample 
Grain size 

(-) 
Wall thickness 

(mm) 

B1 2,8 2 

B2 3,3 18 
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The microstructure of AZ91C alloy after solution annealing consists mainly of Mg solid solution  

with inclusions that were characterized in section 3.1. (Figure 3, Table 2). After T6 heat treatment, large 

colonies of discontinuous Mg17Al12 precipitates formed, mostly along the grain boundaries (Figure 6  

and Figure 7). Microstructure of C2 sample (Figure 6) contains remaining massive Mg17Al12 precipitates, 

which were not dissolved during solution annealing. Microstructure after T6 heat treatment still contains  

all inclusions that were observed in as-cast state or after T4 heat treatment  

  
Figure 6 Microstructure of C2 sample Figure 7 Microstructure of C2 sample, detail of 

discontinuous precipitates along the grain boundary 

 

4. Conclusions and discussion 

Microstructural characteristics like SDAS are strongly influenced both by cooling rate during casting process 

and wall thickness. According to the prediction, low cooling intensity resulted in the high SDAS value [2, 4]. 

However there has been observed only slight difference in SDAS while moderate or high cooling intensities 

were used. This is probably caused by the low thermal conductivity of ceramic shell, which becomes  

the limiting factor in heat transfer from the metal to the cooling media. This implies that further increase  

of ceramic shell outer surface cooling intensity will not significantly improve SDAS of final casting.  

There have been identified many phases in microstructure of AZ91C magnesium alloy, in addition to αMg solid 

solution and Mg17Al12 massive and discontinuous precipitates, (Al,Si)-Mn precipitates with needle- like  

and sharp-edged morphology were observed in microstructure. Mn-based phases were reported  

also by [2, 6-7]. Needle like shape of (Al,Si)-Mn precipitates could have deteriorating effect on mechanical 

properties of final casting. However, silicon content up to 2.5 at% in AZ91 alloys is considered as beneficial as 

it forms small sharp-edged Mg-Si precipitates in microstructure enhancing mechanical properties of the alloy 

[6-7]. 

The main goal of solution annealing, to dissolve continuous Mg17Al12 precipitates and to homogenize Mg solid 

solution, was only partially accomplished. Samples with bigger wall thickness still contain undissolved Mg17Al12 

continuous precipitates, which can decrease the effect of following T6 heat treatment. The same result was 

reported by [8]. Homogeneity of Mg solid solution after T4 is also insufficient as can be observed after T6, 
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where discontinuous precipitates were formed only along the grain boundaries, where αMg solid solution was 

enriched with aluminum.   
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