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Abstract 
High temperature mechanical properties and formability of the AZ61 magnesium alloy are eva-
luated in this paper. Tensile tests were conducted to obtain the formability parameters at elevated 
temperatures of up to 400˚C. The results showed that at higher temperature, yield strength and 
ultimate tensile strength of the material decrease significantly, while the material experiences an 
increase in ductility (maximum elongation before break). A model has been created in finite ele-
ment software Abaqus to further study the deep drawability of the AZ61 Mg alloy. Effects of dif-
ferent process parameters such as punch and die geometry, forming speed and temperature as 
well as blank-holder force on square cup drawing of the AZ61 alloy were investigated and opti-
mum process parameters are obtained which can be used as a design guide in sheet metal forming 
industry. 
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1. Introduction 
Magnesium alloys offer high specific strength and stiffness with good shock absorption, weldability and casta-
bility. Moreover, magnesium alloys are light structured so they have a great potential in the automotive and aer-
ospace industries for body weight reduction which would decrease fuel consumption and the emission of carbon 
dioxide gas which would be of great importance for the environment [1]. However, the use of magnesium alloys 
has been restricted due to its comparably low formability at room temperature. This is due to the fact that they 
have a hexagonal close packed (HCP) crystal structure and show a low tendency to twinning [2]. Therefore, it is 
better to form magnesium alloys at elevated temperatures in order to activate additional slip planes and thereby 
improving material ductility and formability [3].  
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AZ61 is a commercially available magnesium alloy with 6% aluminium, as indicated by the first numerical 
digit in the designation; the second digit represents a zinc content of 1%. Several other trace elements can also 
be found such as copper, silicon, iron and nickel as listed in Table 1; however, these elements have little effect 
on the microstructure of the alloy [4].  

Several papers have been published recently investigating hot deformation and mechanical properties of 
AZ61 alloy (see e.g. [5]-[11]); however, no computer simulation of deep drawability of this alloy is available in 
literature. In this project the aim was to assess the hot workability of the fine grain AZ61 Mg alloy. This was 
undertaken by the use of experimental and FE simulation analyses. Tensile tests have been conducted at temper-
atures up to 400˚C and mechanical properties have been measured at each temperature. These data are used to 
develop a finite element model to further investigate the formability of this alloy under deep drawing condition. 
We carried out deep drawing simulations of AZ61 thin sheets and demonstrated their high drawing ratio at hot 
stamping process. Maximum drawing depth before fracture was considered as the characteristic quantity of for-
mability. The effect of different process parameters on the deep drawability of the AZ61 alloy has been studied 
with the developed FE model. 

2. Tensile Tests 
The experimental material was the hot rolled AZ61 Mg alloy sheet. Its chemical composition is listed in Table 1. 
The as-received specimen had an average grain size of 8.6 μm. Tensile tests were performed in rolling direction 
at forming speed of 3 mm/min at temperatures ranging from 100˚C to 400˚C. The AZ61 alloy studied here, was 
received as rolled in the form of a sheet with 0.8 mm thickness. Tensile specimens were cut from the sheet ac-
cording to ASTM E646-07 standard. A muffle furnace was used that would cover and surround the tensile spe-
cimen and transfer the heat generated to the specimen. The experimental set-up is shown in Figure 1. 

During the experiment, temperature control was performed with a thermocouple joined to the surface of the 
specimen. The tensile specimen was fixed by two pins in the grippers of the tensile tester. The thermocouple 
readings show the actual temperature of the specimen. A digital controller measures the temperature in the upper, 
middle and lower sections of the furnace during the test. Each test has been repeated three times and the average 
values are reported here.  

 

 
Figure 1. High temperature tensile testing set-up.                               

 
Table 1. Chemical composition of AZ61 magnesium alloys.                                                      

Element Al Zn Cu Si Fe Ni Mg 

% by mass 5 - 7 0.8 - 1 <0.03 <0.01 <0.01 <0.005 Balance 
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3. Deep Drawing Simulations 
Finite element simulation of square cup drawing is performed in ABAQUS software to investigate the effects of 
different process parameters such as punch radius, die corner radius, punch speed, blank holder force and tem-
perature on the maximum depth of the cup. Table 2 shows the default process parameters used to simulate the 
process.  

A square blank with the dimensions of 150 mm by 150 mm and a thickness of 0.8 mm was used for the deep 
drawing simulations. The rigid die has a flat surface with a square hole of 102 mm by 102 mm with a die corner 
radius of 5 mm. The rigid square punch has dimensions of 100 mm by 100 mm with a punch radius of 10 mm. 
The rigid blank holder is considered as a flat plate since the blank never comes close to its edges. 

Due to the symmetry of the square cup, only a quarter was modelled to make it easier to visualise stress dis-
tribution and to reduce computing time. All parts were modelled as rigid bodies except for the blank which is 
modelled as an elastic/plastic material. The material properties of the AZ61 magnesium alloy were obtained 
from high temperature tension tests. A density of 1800 kg/m3 is implemented in the model. The simulation be-
gins with the blank in contact with the die and the blank holder. The punch then moves down to stamp the blank. 
The interface between the die and the blank, the blank-holder and the blank, and the blank and the punch are 
modelled using an automatic surface to surface contact algorithm. Figure 2 shows the FE model at the end of 
the process. Earing has taken place in the flange region of the sheet metal blank which is due to the square geo-
metry of the blank. 

4. Results and Discussions 
Table 3 shows the mechanical properties of the AZ61 alloy at different temperatures ranging from 100˚C to 
400˚C obtained from tensile tests. It can be seen from the results that yield strength and ultimate tensile stress 
decrease at higher temperatures, while maximum elongation before fracture increases significantly at higher 
temperatures and plateaus.  

 

 
Figure 2. High temperature tensile testing set-up.  

 
Table 2. Process parameters for FEA simulations.                                                              

Punch speed 60 mm/min 

Blank holder force 3 kN 

Friction coefficient 0.1 

Punch radius 10 mm 

Die corner radius 5 mm 

Temperature 250˚C 
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Table 3. Mechanical properties of AZ61 magnesium alloy at elevated temperatures.                                  

Temperature (˚C) Young’s modulus (GPa) Yield stress (MPa) Ultimate tensile stress (MPa) Elongation before break (%) 

20 46 204 313 9 

100 29 196 276 26 

150 26 175 220 39 

200 24 160 193 55 

250 19 104 121 86 

300 16 94 105 90 

350 16 67 72 84 

400 13 42 45 88 

 
Figure 3 shows the contour plot for the plastic strain in the drawn cup at temperature of 250˚C and process 

parameters listed in Table 2. It is seen that the maximum plastic strain takes place at the corner of the cup due to 
biaxial stretch. The contour plot shown in Figure 4 shows the distribution of the maximum principal stress. 
Maximum thinning is observed at the cup wall. The flange region shows a high wrinkling tendency. 

The punch radius was varied from 7 mm to 19 mm to investigate its effect on maximum depth of the cup be-
fore fracture occurs. It can be seen from Figure 5 that a maximum draw depth of 35.6 mm could be achieved for 
a punch radius of 19 mm. It is known that a smaller punch radius restrains the material from flowing equally in 
all directions, resulting in a major increase in strain causing an early fracture. A large punch radius on the other 
hand allows for an equal biaxial stress at the corners of the cup which delays fracturing. 

The die corner radius was varied from 3 mm to 7 mm while fixing other parameters listed in Table 2. Ac-
cording to Figure 6, an optimum die corner radius of 6mm was found corresponding to a maximum draw depth 
of 33.7 mm. When the die corner radius is smaller than 5mm, the draw depth turns toward a smaller value. Fig-
ure 7 shows the variation of maximum cup depth versus punch speed. A maximum draw depth of 33.9 mm was 
achieved at an optimum punch speed of 100 mm/min. Overall, the results show that the effect of ram speed on 
maximum drawing depth is not remarkable. 

The graph for the blank-holder force against draw depth is shown in Figure 8. The optimum blank-holder 
force is 3 kN leading to a maximum draw depth of 33.6 mm. When the blank-holder force is too high or too low, 
fracture or wrinkling may occur, respectively. A blank-holder force of 6 kN has the lowest draw depth of 26.4 
mm. 

Temperature was varied from 50˚C to 400˚C while fixing the tool geometry, punch speed and blank-holder 
force. It is clear from Figure 9 that the AZ61 magnesium alloy sheet shows excellent formability at elevated 
temperatures. An optimum forming temperature of 250˚C corresponds to a maximum cup depth of 33.6 mm. 
The AZ61 magnesium sheet is more susceptible to fracture at temperature below 150˚C. The graph for coeffi-
cient of friction against draw depth is shown in Figure 10. The draw depth varies from 28 mm to 33.6 mm 
through the range of friction coefficients used in the FE simulations. The maximum cup depth was achieved at 
an optimum friction coefficient of 0.1.  

5. Conclusion 
This study aimed at expanding the application of AZ61 Mg alloy sheets as a structural material. This alloy has 
rarely been used as sheet materials in press forming and examined its deep drawability. Mechanical properties 
and formability of AZ61 magnesium alloy were studied using tensile tests at elevated temperatures. Square cup 
formability of AZ61 magnesium alloy sheet was also investigated by computer simulations. The maximum draw 
depth of the square cup without fracture was used as an index of formability. The results showed that formability 
of AZ61 alloy improves significantly at elevated temperatures. An optimum deep drawing temperature of 250˚C 
was achieved with a maximum draw depth of 33.6 mm. The effect of key process parameters on deep drawabil-
ity of the AZ61 alloy was investigated by FE simulations and the optimum parameters were found for punch  
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Figure 3. Distribution of plastic strain in the drawn cup.       

 

 
Figure 4. Distribution of maximum principal stress in the drawn cup. 

 

 
Figure 5. Effect of punch radius on maximum draw depth.  

 

 
Figure 6. Effect of die corner radius on maximum draw depth. 
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Figure 7. Effect of forming speed on maximum draw depth.        

 

 
Figure 8. Effect of blank-holder force on maximum draw depth.     

 

 
Figure 9. Effect of temperature on maximum draw depth.            
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Figure 10. Effect of friction coefficient on maximum draw depth.      

 
radius, die corner radius, punch speed, blank-holder force, friction coefficient and temperature. This will provide 
a design guideline for drawing of AZ61 square cups. 
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