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In the majority of the cases the alloys of magnesium are characterized by low technological 
plasticity, because of their hexagonal crystal structure with only basal slip and twinning as the ma-
jor operative deformation mechanisms [1–2]. Usually this problem is solved by increasing defor-
mation temperature [2]. However, more essential problem is the fact that the interval of the permis-
sible parameters of deformation is very small. It is known that comparatively insignificant changes 
in the speed of extrusion, initial temperature, temperature of container lead to the fracture [2]. For 
example, the process of the extrusion of the Mg alloys MgCa0.8 and Ax30 is investigated in the 
work [3]. Experiments were performed at Hannover University [3]. It was shown that an increase in 
the speed of extrusion with 2 mm/s to 8 mm/s leads to the fracture. From the other side, the less 
a temperature of the deformation cased the rapid exhaustion of the resource of the material plastici-
ty. In this case it is necessary to develop a model of fracture of examinee alloys [4, 5]. Thus, the so-
lution of the problem of the definition of the optimum parameters of the deformation of magnesium 
alloys must consider both the possibility of overheating material and its limited plasticity at lower 
temperatures. In order to resolve this problems software based on the finite element method have 
been developed [6–9].  

The problem that arises in the optimization needs to perform a large number of three-
dimensional FEM simulations of different variants of the process. Performing these calculations of 
in sequential mode requires not real time, that way it was necessary to limit the number of influenc-
ing factors. In this paper a modification of the earlier FEM programs, allowing the use of distributed 
computing and clusters of computers was performed. The programs were developed as a service 
Extrusion-Grid in cluster infrastructure PL-Grid [10, 11].  

For the simulation of flow stress the equation of Henzel-Szpittel is used:  
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where  ,,  – effective stress, effective strain and effective strain rate, respectively;  
t – temperature.  
For the MgCa0.8 and Ax30 alloys are used the approach, based on the inverse analysis [4]. 

The following coefficients of equation (1) for extrusion conditions are obtained.  
 MgCa0.8: A = 1413,33; m1 = -0,0046301; m2 = 0,53755; m3 = 0,13458; m4 = -1,3544; 

m5 = 0,0; m7 = 0,0; m8 = 0,0; m9 = -0,0; 
 Ax30: A = 17,623; m1 = -0,0046301; m2 = 0,41715; m3 = -0,26152; m4 = -0,0061179;  

m5 = -0,0091911; m7 = 0,45429; m8 = 0,0015854; m9 = 0,81829. 
According to the work [4] the critical damage failure criterion is established:  
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where f  – effective fracture strain kf – triaxility factor.  

To describe the value of effective fracture strain the following formula can be applied:   
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The values of the coefficients of equation (3) are determined by the minimization of the 
square-least technique comparing the value of f  and the results obtained from processing of the 

experimental results of the compression and the tension tests. The following values of coefficients 
are obtained:  

 MgCa0.8: d1 = 0,0461; d2 = 0,4759; d3 = 0,01022; d4 = -0,07009. 
 Ax30: d1 = 0,0153; d2 = 0,129; d3 = 0,0158; d4 = -0,245. 

 
FEM MODELS OF EXTRUSION AND DRAWING PROCESSES FOR MAGNESIUM ALLOYS 

 
Extrusion  
Typically, extrusion process consists of the three consequent stages: initial stage; stage of 

steady-state material flow and final stage. During the last one the punch slows down and stops. 
From the practical point of view the most important stage is steady-state one because the product 
shape and its properties are formed. Thus steady-state stage of extrusion process can be simulated 
with acceptable accuracy using Euleran approach [6, 12]. 

In the present work the material is considered as incompressible rigid-viscoplastic continua 
and elastic deformation are neglected. The system of governing equation includes: 

– equilibrium equations: 
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– compatibility condition: 
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– constitutive equations: 
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– incompressibility equation: 
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– energy balance equation: 
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and expression for flow stress (1),  
where ij  – stress; 

ij  – strain rate and vi – velocity component respectively; 

ijS  – deviator stress tensor; 

  – heat generation efficiency which is usually assumed as   = 0,9–9,95; 

  – density; 
c – specific heat and k – thermal conductivity.  
In equation (4)-(8) summation convention is used. Equations (4)-(7) were transformed into 

discrete form by means of virtual work-rate principle and finite element technique resulting in non-
linear system of algebraic equations where nodal values of velocity components and mean stress are 
considered as independent variables. Velocity and mean stress are approximated by quadratic and 
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linear shape function respectively within the 15-node prismatic elements. Energy balance equation 
(8) is treated by means of Galerkin method. Iterative updating of heat generation and flow stress 
provides thermo-mechanical coupling of the problem. The container, punch and die are treated as 
rigid bodies with specified friction and heat transfer conditions. 

Finite elements mesh is generated automatically for space domain that includes the billet in 
container and part of the product having sufficient length to be rigid at its front end. Product shape 
is arbitrary. Source data for mesh generation include geometrical contour of container, contour of 
the product and contour of the pre-chamber. These geometrical data can be imported from CAD sys-
tem. Other data are the length of container, the length of pre-chamber and the length of bearing [6]. 

The tensor ij  is calculated by integration along the flow lines:  
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where: )( p   time increment; 
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ij   strain rate tensor determined according to equation:  
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where N  finite element shape functions; 

ijn   nodal strain rate tensor for current finite element; 

nnd – number of nodes in element.  
The points of flow lines are determined on the basis of the values of the velocity at point p, 

which are calculated according to the formula:   
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The calculation of the position of the next point (p + 1) of flow line is carried out according 

to the equation: 
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The integration of the critical damage failure criterion is achieved along the flow lines:  
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The developed model is based on the three-dimensional approach only. However, the speed 

of solution of one problem on the Zeus cluster in sequence mode is not more than 30 minutes be-
cause of the rational selection of the numerical parameters of mesh.  

Wire drawing   
For model of wire drawing in heated die solution of boundary problem is obtained using var-

iation principle of rigid-plastic theory according equations (1)–(7) [4, 13]. The stationary formula-
tion of the boundary problem is used. The strain tensor ij  is calculated by integration of strain rate 

tensor along the flow lines.  
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Thermal problem in metal was solved by applying the following method. The passage of the 
section through the zone of deformation was simulated. For this section at each time step the non-
stationary temperature problem was examined: 
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where isdQ 9.0  is the deformation power, c is the specific heat;  is the alloy density, 

 is the time, λ is the thermal conductivity coefficient (the following equations are used for 
MgCa0.8 and Ax30 alloys: c = 1013,4 + 0,441t,  = 1741,4–0,173t, λ = 156,32–0,023t). Heat 
exchange between the alloy and the die is defined as:  

 
 .dieconv ttq   (15) 

 

where tdie is the distribution of die temperature on contact area, which obtained from tem-
perature solution in die,   is the heat exchange coefficient.   

The generation of heat from the friction is calculated according to the formula: 
 

.9.0  vq fr   (16) 

 
The model of temperature distribution in the die is based on the solution of Fourier equation 

in the cylindrical coordinate system. The results of measuring temperature on the contact of die with 
the device for drawing were used as the boundary conditions. The thermocouples and the electronic 
system of the control of temperature were used for measurement.  

Boundary conditions on the contact of die with the metal were assigned with the aid of the 
dependence: 

 
 ,metalconv ttq   (17) 

 

where metalt  is the distribution of metal temperature on contact area obtained from tem-

perature solution in metal.  
 

PARALLEL FEM CODE FOR OPTIMIZATION OF EXTRUSION PROCESSES 
ON BASE OF PL-GRID INFRASTRUCTURE 

 
Parallelization of the models described above is made on the basis of the following algorithm.  
1. Initial data for the model is given as a range of possible changes in the parameters. For 

example, pressing speed is specified as a set of values 1–10 mm/s, and extrusion temperature as 
values 380–440 ºC. It is also possible to set the different geometry of the channel profile.  

2. At the next stage, the program generates the variants based on the theory of the factor ex-
periment.  

3. All generated variants are run in parallel with the calculation of the PL-Grid infrastruc-
ture. Calculation time of all variants equal to the time of calculation of one. Based on the result of 
the calculation is chosen the best options. 

Illustration of the sequence using the program in the infrastructure shown in fig. 1. During 
develop a parallel version of software the Intel Fortran compiler and openmp library are used. Ex-
ample of geometry optimization for profile extrusion is shown on fig. 2. Optimal variant for extru-
sion of shape was selected because torsion and bending of the profile are the smallest of all the vari-
ants considered. Because the calculations were carried out in parallel computational system PL-Grid 
optimization time is equal to the time of one simulation.  
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Fig. 1. Illustration of the parallel program 
Extrusion-Grid in the infrastructure PL-Grid 

Fig. 2. Example of optimization in Extrusion-
Grid software for PL-Grid computation system 

 
EXAMPLE OF OPTIMIZATION 

Extrusion  
As an example of optimizing, consider the choice the temperature and extrusion speed for 

rod of magnesium alloy Ax30. Numerical simulations were carried out for the following conditions. 
The diameter of billet is of 120 mm, the pressed profile - bar with the diameter of 30 mm, speed of 
extrusion is varies in the range 1–10 mm/s. Initial temperature of billet is varies in the range  
380–440 ºC, the temperature of container and matrix is of 380 ºC. Two variants of the calculation 
are shown as examples: speed of extrusion of 2 mm/s (variant 1) as well as 8 mm/s (variant 2) for 
initial temperature of billet 400 ºC. The variant 1 corresponds to the extrusion without the defects 
(fig. 3, c), the variant 2 corresponds to the appearance of the defects (fig. 4, c). The results of calcu-
lations are represented in fig. 3 (variant 1) and fig. 4 (variant 2). As the obtained results showed that 
the temperature of material grows to 475 ºC, that however lower than the temperature of the solidus 
line of this alloy (approximately 520 ºC). The value of the criterion of fracture is also lower than 
1.0, consequently extrusion must occur without the defects, which corresponds to experiment. In the 
case of variant 2 temperatures increase to 540 ºC, this must lead to the inevitable appearance of 
defets (fig. 4). This result also corresponds to the facts ob-served in the experiment [3].  

 

        
a  b 

 

  
c 

Fig. 3. Simulation of the extrusion of alloy Ax30, variant 1:  
a – temperature; b – fracture criterion; c – results of the extrusion of alloy Ax30 with the 

speed of punch 2 mm/s 
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a b 

 

  
c 

Fig. 4. Simulation of the extrusion of alloy Ax30, variant 2:  
a – temperature; b – fracture criterion; c – results of the extrusion of alloy Ax30 with the 

speed of punch 8 mm/s 
 
Wire drawing  
Cold drawing process of magnesium wires is practically impossible. That is why new tech-

nology of drawing in heated die for thin wires witch diameter less than 1 mm was proposed. In this 
technology drawing tool is heated to temperature about 400 ºC. Cold wire is heating by die to re-
crystallization temperature (about 300 ºC) and then is deformed. Such conditions caused that multi 
pass drawing process without annealing is possible.  

Temperature of wire in proposed process is strongly dependent on drawing velocity, shape 
of tool and tool temperature. Predict of wire temperature in this nonconventional process is very 
difficult but can be calculated using numerical simulation. In this case Drawing2d software was 
used. Calculations for initial wire diameter 0.5 mm, final diameter 0.456 mm (elongation 1.2), 
drawing angle 4º, 6º and drawing velocity 10 mm/s, 200 mm/s were performed. Results of these 
simulations are present in table 1.   
 

Table 1 

Results of numerical simulation of drawing process in heated die 

No Alfa 
v, 

mm/s 
Psi DefMES/Def Py, N Sy, Mpa Sp, MPa Sy/Sp 

Temp, 
C 

1 4 10 0.8724 1.1421 6.97 41.99 76.43 0.5494 341.16

2 4 200 2.9522 1.1233 7.12 42.84 117.59 0.3643 125.01

3 6 10 1.5502 1.2135 6.68 40.23 89.03 0.4519 320.76

4 6 200 3.6261 1.2744 7.00 42.13 135.36 0.3112 120.31

 
In Table 1 following marks were used Alfa – drawing angle; v – drawing velocity; Psi – 

damage criterion; DefMES / def – the ratio of the maximum deformation intensity in deformation 
zone calculated by FEM to the same value calculated using engineering methodology; Py – drawing 
force, Sy – drawing stress; Sp – yield stress in the plane of the metal out of the die; Sy/Sp – the ratio 
of drawing stress to yield stress; temp – the temperature of the metal at the exit of the deformation 
zone. 
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Results presented in table 1 shows that as it was said before temperature of wire in drawing 
process with heated die is strongly dependent on drawing velocity and drawing angle (shape 
of tool). Value of damage criterion (Psi < 1) break criterion (Sy/Sp < 1) and recrystallization criterion 
(Temp ≥ 300 ºC) are correct only for first variant of simulation (table 1). That is why verification 
of drawing process in heated die was performed for conditions applied for variant 1 on own con-
struction device [14] (fig. 5 ) allows to carry out drawing process in heated die.  

 

  
Fig. 5. Equipment for wire drawing in heated die:  
1 – handle; 2 – drawing die; 3 – insulation pad; 4 – main furnace tube; 5 – heating element; 

6 – tube with tool; 7 – tube for changing the size of heating zone; 8 – housing 
 
The drawing process was done for deformation scheme ø1.0 mm to Ø0,1 mm witch elonga-

tion 1.21. Drawing velocity was 10 mm/s, temperature of the die 330 °C and drawing angle 4º. The 
result of drawing process is shown in fig. 6. Experiment shows that proposed technology is working 
correctly with biocompatible magnesium alloys as MgCa0.8 and Ax30.  

Drawing process in heated die was consisting of 25th passes without annealing. Microstruc-
ture of wire witch diameter 0,1 mm after last pass is presented in fig. 6. In proposed technology 
heating die causes full recrystallization in drawn material. As can be seen from fig. 8a final wire has 
high plasticity as evidenced by the formation of the knot. 

 

a b 

Fig. 6. Wire with diameter 0,1 mm of MgCa0.8 after drawing:  
a – in macro scale; b – microstructure 

 
CONCLUSIONS 

FEM programs for optimization of extrusion and wire drawing processes was proposed al-
lowing the use of distributed computing and clusters of computers was performed.  

In present paper the process of manufacturing of thin wire of magnesium alloy AX30 
and MgCa0.8 consists of two steps extrusion and drawing in heated die was shown. 
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Optimization of production processes for cracking criterion was done using numerical mod-
eling. Calculations were helpful in obtaining of correct conditions of extrusion and drawing process. 
In this case super computer was used. Because extrusion process is time consuming from numerical 
point of view calculation were performed on super computer Zeus. Because the calculations were 
carried out in parallel mode, optimization time is equal to the time of one simulation.  

The new technology of drawing process in heated die was proposed. The technology made 
it possible to obtain wire 0.1 mm from the billet 1.0 mm without the application of annealing be-
tween the passages.    
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