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Abstract 
 

The results of experimental and numerical analysis of MgCa0.8 magnesium alloy are presented in the paper. Basing 
on experimental tests the flow stress function and the dependencies between ductility strain, triaxiality factor, temperature 
and strain rate were obtained. Experiment was performed on the testing machine Zwick Z250. The algorithm based on the 
inverse method was used to interpret correctly experimental results. The FEM modelling of upsetting and tension tests 
was helpful to obtain conditions of material fracture. The developed models of mechanical properties were implemented 
into the Drawing2d FEM code and simulations of drawing of surgical threads were performed. The introduced approach 
enabled modelling of the drawing process at elevated temperatures, accounting for the material fracture. 
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1. INTRODUCTION 

Magnesium alloys are more often used in aero-
space, automotive, electronics etc. industries. These 
alloys are formed similarly to other metals,  using 
processes of rolling, forging, extrusion, stamping 
and many other technological processes applicable 
at elevated temperatures (Watanebe et al., 2004; 
Ogawa et al., 2002; Swiostek et al., 2006; Cheng, et 
al., 2007). Performed studies by Bach et al.’s (2006), 
Heublein et al.’s (1999); Haferkamp et al.’s (2001), 
Wan et al.’s (2008) have shown that by certain im-
provement of the chemical composition (usually 
adding a small amount of Ca, Li), magnesium alloys 
achieve a high level of biocompatibility with the 
human body and dissolve in the body without signif-
icant medical problems. Several new magnesium 
alloys for biomedical applications (such as MgCa, 
LAE442, MgCa0.8) were developed at the Universi-
ty of Hanover (Bach et al., 2006; Thomann et al., 

2008). Production of surgical threads to integration 
of tissue can be an example of application of these 
types of alloys. These applications requires fine 
wires with diameters from 0.1 mm to 0.9 mm. Due 
to poor formability and limited ductility of magne-
sium alloys in room temperature, drawing process to 
dimension 0.1 mm is difficult.   

Low ductility of the magnesium alloys corre-
sponds to their hexagonal close packed structure. 
Thus, the process of cold forming is practically im-
possible (Eickemeyer et al., 2004). Von Misses 
(1928) writes that the plastic deformation needs 
minimum of 5 independent slip systems. In the case 
of magnesium alloys at room temperature there are 
only 3 independent slip systems. Therefore, it is 
necessary to increase the number of slip systems, for 
instance by raising the temperature. In Bach et al.’s 
work (2005) a new manufacturing technology of 
tubes made of Mg alloys is proposed. In this tech-
nology the metal is heated by a hot die and the proc-
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ess of warm deformation is performed. The theoreti-
cal description of the wire drawing process with a 
heated die is presented by Bach et al. (2007) and 
Milenin and Kustra (2008).  

The model of material ductility is a very impor-
tant part of the FE program for simulation of draw-
ing. Availability of this model enables optimization 
of the process of wire drawing on the basis of the FE 
simulations. Fracture problems for magnesium al-
loys are precisely described in literature (Eicke-
meyer et al., 2004; Milenin & Kustra, 2008; Yo-
shida, 2004). However, these works account for only 
few parameters of drawing, such as the die angle and 
the reduction ratio. Magnesium alloys containing 
aluminum and zinc (such as AZ31) are investigated 
materials, which have a bigger plasticity than Mg-Ca 
alloys. However, the ductility models of Mg-Ca 
alloys are scarse in the literature. The yield stress 
models of the latter alloy for warm deformation are 
not available in the literature, either.  

The purpose of this paper is the development of 
mathematical models of the yield stress and the duc-
tility for the MgCa0.8 alloy, implementation of these 
models into the FE code and simulations of wire 
drawing processes in heated die.  

2. FEM MODEL OF PLASTIC 
DEFORMATION IN DRAWING  

The FE code Drawing2d developed by Milenin 
(2005) is used in the present work. The FE model 
solves a boundary problem considering such phe-
nomena as metal deformation, heat transfer in a die 
and in a wire, metal heating due to deformation and 
friction. Solution of the boundary problem is ob-
tained by using variation principle of rigid-plastic 
theory:  

    
SV V

iiis dSvdVξσdVdtJ
i
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where: i   strain rate, s   yield stress, i   ef-

fective strain, t  temperature, V – volume, 0σ   

mean stress, 0   volumetric strain rate; S – contact 

area between alloy and die,    friction stress, v  

 alloy slip velocity along area of die.  
The friction stress is determined according to 

law:  
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where: trf   friction coefficient, n   normal stress 

on contact between the deformed alloy and the die. 

The stress tensor ij  is calculated on the basis of 

the strain rate tensor ij  according to the following 

equation:   
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The stationary formulation of this task is used in 

the paper. The tensor ij  is calculated by integration 

along the flow lines:  
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where: )( p   time increment, )( p
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 the point p, 
which are calculated according to the following for-
mula:   
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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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3. THE FEM SOLUTION OF THE THERMAL 
PROBLEM IN METAL  

Thermal problem is solved by applying the fol-
lowing method. The passage of the section through 
the zone of deformation is simulated. For this sec-
tion at each time step the non-stationary temperature 
problem is examined:  
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where: isdQ 9.0  – deformation power, c – spe-

cific heat;  – alloy density,  – time,   – thermal 
conductivity coefficient (the following values are 
used for MgCa0.8 alloy: c = 624 J /kgK,  = 1738 
kg /m3,   = 126 J /mK), r - y cylindrical coordi-
nates. Heat exchange between the alloy and the 
die is defined as:  

 

  dieconv ttq    (9) 

 

where: diet  – die temperature,   – heat ex-

change coefficient.  
The generation of heat from friction is 

calculated according to the formula:  
 

  vq fr 9.0 . (10) 

4. FEM SOLUTION OF THERMAL 
PROBLEM IN THE DIE 

The model of temperature distribution in the die 
is based on the solution of Fourier equation in the 
cylindrical coordinate system: 
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where: Qh – power of the heating element.   
The heat Qh is generated in the finite elements, 

which correspond to the position of heating device. 
The boundary problem is solved on the basis of the 
variation formulation of equation (11). For the areas, 
which are in contact with the metal, the temperature 
of the alloy is obtained from the solution of the 
thermal problem for the metal.  

5. DUCTILITY MODEL  

The key parameter, which presents fracture, was 
named ductility function. This parameter is deter-
mined by the following formula: 

   1
,,


ip

i

tk 
 , (12) 

where: k – triaxility factor, sk  /0 .  

Critical deformation function  ip tk  ,,  is ob-

tained and is based on experimental studies. In the 
Drawing2d FEM code equation (12) was imple-
mented as a following integral: 

     














 mm

m

m

ip

m
i

ip

i

tk
d

tk 1

)(
)(

0 ,,,,
,  (13) 

where:    time of deformation, )(m   current 

time increment, )(m
i   values of the strain rate in 

the current time, m –index number of time step dur-
ing numerical integration along the flow line.  

Critical deformation function  ip tk  ,,  can be 

obtain on the basis of experimental results for the 
upsetting and tension tests at different values of 

itk ,, .  

6. EXPERIMENTAL STUDIES 

MgCa0.8 magnesium alloy was used as a testing 
material. Figure 1 shows the dimensions and shape 
of samples for upsetting and tensile tests. Upsetting 
tests were used to determine the flow stress model. 
Both upsetting and tensile tests were used to calcu-
late coefficients of critical deformation function. The 
material tests were performed in a Zwick Z250 test-
ing machine at the AGH University of Science and 
Technology in Krakow, Poland. Results and condi-
tions of all the tests are presented in tables 1 and 2. 
The range of temperature and strain rate changes in 
the experiments was selected in accordance with the 
conditions for the deformation of metal during wire 
drawing in the heated dies. 
 

      
(a) 
 

 
 (b) 

Fig. 1. Shape and dimension of samples for upsetting test (a) 
and tensile test (b). 
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(a) 

 
(b) 

 

 
(c) 

 

 
(d) 

Fig. 3. Stress strain curves of MgCa0.8 magnesium alloy for 
temperatures (a) – 300 °C, (b) – 250 °C, (c) – 200 °C, (d) – 
150 °C and strain rates 0.1, 1.0, 2.5 and 10 s-1. 

 

         
(a)  
 

 
      
   (b) 

Fig. 4. Simulation result: distribution of effective strain for test 
3 from table 1 (a), shape of the sample after the test 3 with 
marked location of crack (b).  

 
4. The sets of parameter k, strain rate and tem-

perature of the tensile and compression tests were 
used to develop coefficients d1 - d4 of the function 
(15). Coefficients were calculated using the least 
squares method. Change of   was described by 

equation (13). The sum of squares of difference be-

tween calc
m  and 1.0 for strain, which corresponds to 

the crack observed in the experiment, was used as 
a goal function for the current test:  

    
testm

m

calc
m

2
1 .  (16) 

In the process of minimization of the function 
(16) the following parameters of equation (15) were 
obtained: d1 = 0.01530; d2 = 0.1287; d3 = 0.01575;  
d4 = -0.2353. The average relative error of approxi-
mation is 0.04. The dependences of critical deforma-
tion function on the strain rate and temperature are 
shown in figure 8. 
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(a) 

 

 
(b) 

 
(c) 

 
 (d) 

Fig. 5. The result of simulation the test number 3 from table 1 
for the area marked in fig 4(a): (a) – change of the value k, (b) – 
temperature, (c) – effective strain and (d) – yield stress.  

     
(a) (b) 

 

  
  (c) (d) 

Fig. 6. The result of simulation of the test number 1 from table 
2: distribution of effective strain (a), shape of sample after test 
(b), distribution of the main stress (c) and shape of the sample 
neck after the test (d).  
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(a) 

 
 (b) 

 
(c) 

    
 (d) 

Fig. 7. The result of simulation of the test number 1 from table 2 
for the center point of the sample: (a) – change in the value k, 
(b) – temperature, (c) – effective strain and (d) –yield stress.     

9. ANALYSIS OF THE WIRE DRAWING 
PROCESS  

Developed models of the flow stress (14) 
and the ductility (15) were implemented into the 
Drawing2d software. For the analysis of damage 
of the material three variants of drawing process 
were analyzed. General data given for all 3 va-
riants (common data) are: coefficient of heat 
exchange with the environment 4000 W/m2C; 
die temperature tc = 350°C, the temperature of 
the wire at the entrance to the valley of strain t0 

= 100°C; initial wire diameter d0 = 0.5 mm, 
drawing angle  = 4°; length of the calibration 
part of die L2 = 0.1 mm; radius of the transition 
from the conical part of the calibration r = 
0.05 mm, coefficient of friction f = 0.03; draw-
ing angle  = 4°. 

 

 
Fig. 8. Dependence of the critical deformation function on the 
effective strain for k = -0.33 (dotted line) and k = 0.33 (solid 
line) in temperatures 20 °C, 100 °C, 200 °C, 250 °C and 300 °C.   

The following numerical analyses were per-
formed: 
Variant 1. Final diameter d1 = 0.38 mm; v = 0.05 m /s; 
Variant 2. Final diameter d1 = 0.46 mm; v = 0.05 m /s; 
Variant 3. Final diameter d1 = 0.46 mm; v = 0.02 m /s. 

The simulation results are shown in figure 9. 
Variant 1 corresponds to the elongation factor 1.73. 
The experimental knowledge based on drawing of 
Mg alloys shows that with such a large elongation 
factor, a break of the wire should be observed. The 
analysis of strain distribution (figure 9a) makes it 
possible to assert that the deformation is localized in 
the place of the application of force of wire drawing. 
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This indicates the break of wire at the output from 
the zone of deformation. Parameter  takes the max-
imum value (max = 1.16) in the same place, which 
means that the ductility function allows to predict 
not only the fracture in the deformation zone, but 
also outside of the die (figure 9b).  

The second variant of the simulations was per-
formed for a smaller elongation factor (1.18). In this 
case also fracture in drawn wire is predicted (max = 
1.01), but the location of max is in the axis of drawn 
wire in the deformation zone.  

In the third version of simulation the speed of 
wire drawing was lowered. This led to an increase in 
the temperature of metal and consequently, the 
amount of critical deformation. As a result max = 
0.86 and the fracture of metal did not occur.  
 

(a)   

(b)  

  

(c)     
 

 (d)    

 

 (e)      
 

(f)  

       

Fig. 9. Results of simulation: (a), (c), (e) – distribution of effective strain, (b), (d), (f) – distribution of   parameters for simulations 
variant 1: (a), (b); variant 2: (c), (d); variant 3: (e), (f). 
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9. CONCLUSIONS  

Studies dedicated to the fracture of material at 
different values of temperature, strain rate and the 
triaxility factors showed that the ductility of 
MgCa0.8 magnesium alloy is strongly dependent on 
temperature and strain rate. Therefore, the developed 
yield stress models and ductility functions take into 
account the border effect of strain rate and the tem-
perature. Research performed for the upsetting tests 
and the inverse method were helpful to determine 
the coefficients of the yield stress model. Studies for 
the upsetting and tensile tests were used to calculate 
the coefficients of ductility function. The developed 
yield stress model and ductility function were im-
plemented into the Drawing2d software. 

Additionally, the analysis shows that: 
1. The FE model of magnesium alloy MgCa0.8 

wire drawing process, model of yield stress and 
ductility model in the temperature range 20 - 
300°C were developed. 

2. Experimental - theoretical methodology to cal-
culate the parameters of empirical yield stress 
and ductility models of MgCa0.8 magnesium al-
loy was developed.  

3. Following the developed methodology the expe-
rimental studies were performed, which are ne-
cessary to obtain the parameters of the yield 
stress and ductility models of the material.  

4. The FE simulations show examples of different 
mechanisms of material fracture during drawing: 
break of the wire at the exit from the zone of de-
formation and exhaustion of the plasticity of the 
material deformation in the zone of deformation.  
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MATEMATYCZNY MODEL CIĄGNIENIA NA  

CIEPŁO STOPU MGCA0.8 UWZGLĘDNIAJĄCY 
PLASTYCZNOŚĆ MATERIAŁU 

Streszczenie 
 
W niniejszej pracy przedstawiono wyniki badań stopu ma-

gnezu MgCa0.8. Bazując na wynikach eksperymentu opracowa-
no modeli naprężenia uplastyczniającego oraz utraty spójności 
materiału w zależności od prędkości odkształcenia i temperatu-
ry. Eksperyment wykonano na maszynie wytrzymałościowej 
Zwick Z250. Do analizy wyników wykorzystano metodę inver-
se. Modele numeryczne testów na spęczanie i rozciąganie po-
mogły w określeniu warunków utraty spójności analizowanego 
materiału. Opracowane modele materiału zaimplementowano do 
autorskiego oprogramowania Drawing2d bazującego na meto-
dzie elementów skończonych. Takie podejście pozwoli na anali-
zę procesu ciągnienia w podgrzewanych ciągadłach z uwzględ-
nieniem kryterium utraty spójności materiału. 
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