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Abstract. The objective of the paper is the analytical and finite element simulation study of the 
material behaviour at temperatures of 400 - 450°C of AZ31 and ZM21 magnesium alloys tested 
for bulk metal working. In the extrusion, representing the main phase of the fused deposition 
modeling, the metal work material considered was a bulk magnesium alloy billet. The stress and 
deformation fields are reported in detail using analytical modeling to describe the material in a 
very small volume of a extruder. It is observed that the increase in the extrusion temperature also 
determined by the deformation and friction heat produces an increase in the thermal load 
particularly visible in the high deformed zone. This allows the obtaining of the semisolid condition 
for the material described by the temperature levels reported by the numerical simulations. Such 
technology results very useful for ribs deposition over flat surfaces. 
Introduction 
Today working of metal or polymeric materials requires the understanding of the material plastic 
flow in order to avoid all of the possible defects related with uncontrolled conditions getting voids 
and something similar in the bulk of the workpiece [1]. The material processes already known as 
additive manufacturing represent up today the most rapid way to realize physical models in 
different materials. When approaching metals the temperature managing represents the most 
important factor. That is why high temperature means shrinkage, warpage and oxide phenomena 
requiring subsequent treatments [2].  

However the direct realization of a near net shape object under the additive manufacturing 
philosophy represents a useful task in order to realize fully metal parts with an effective layer by 
layer approach instead of the binder [3] or composite based ones. The latter requiring complex 
methodologies when separated materials are used.  

But, the net shape realization of metal workpieces represents the real objective in such field. 
Different are the methods used that are SLS, SLM, jetting powder, fused filament and fused metal 
deposition to produce the desired metal object [4-8]. Even if the extrusion based one is the more 
simple to realize a semisolid filament to generate ribs and something similar [7-9]. Some studies 
appear also on microextrusion of material in which the tool is made by micro- EDM [10]. 

Of course the realization of extrusion trials at dimensions comparable with the millimiter and 
sub-millimiter order of magnitude could be sensitive to the friction conditions and subsequent heat 
generated. In general, the surface and bulk characteristics of the extruded object are function of 
the tool material contact interface [11-13]. Such contact in general increases the temperature of the 
extruded material by the nominal. The modeling of such behaviour can be found in literature and 
able to represent the micro-mesoscale. In particular, the thermal conditions for magnesium alloys 
as well as the modeling approaches whose variables, included the thermal-physical properties with 
temperature, is described by some researchers in [14-18].  

Up today the FDM of metal material can be feasible not only for reduced complexity of tools 
and models typical of other technologies [19-20] in realizing components for high precision 
assemblies, but also for a traditional approach in working metals consisting of in temperature 
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deformation and semisolid manufacturing in order to obtain the desired geometry of the filament. 
The pressure to material to feed can be imposed by a screw or a drum or a feed forward system in 
which a solid filament is heated by induction coil and deposited under semisolid condition. 

Of course the process conditions need to be strictly monitored in order to avoid lack of respect 
of the filament requirements. Among the different variables such as deformation, strain rate, 
geometry of the container and of the tool, the most important is the temperature and temperature 
variation during working. The possibility to realize metal ribs by a semisolid filament could be a 
valid and sustainable solution in all of the situations in which metal powder is difficult to treat 
directly. 

To do that the modeling of the extruding apparatus represents useful for understanding and 
controlling the manufacturing tools. 

In literature different scientific works related to material behaviour [8-9,12] under extruding 
conditions and material flow description using analytical and non analytical methods such as 
numerical simulations in different conditions in terms of strain, strain rate, temperature and friction 
can be found. Some of them are concentrated on uniform and non uniform deformation, friction 
and subsliding effects in order to obtain the effective stress – strain conditions and the effective 
temperature values for load evaluation purposes. 

The extrusion of lightweight alloys was investigated in the past by the author and other  
researches and the studied completed with the material behaviour knowledge [21, 22]. But the 
extrusion at millimeter and sub-millimiter order of magnitude, that is the filament metal deposition, 
at high temperatures is still under investigation being a promising technique to realize additive 
manufactured metal components. Under such conditions the understanding of the effect of the 
deformation and friction on the temperature represents still today an objective of the current 
research above all when low amount of material needs to be treated for filament deposition in 
particular for magnesium alloys. 

The objective of the paper is the study through the analytical and finite element simulation of 
two magnesium alloys that are AZ31 and the ZM21 under extrusion conditions at elevated 
temperatures taking into consideration the effect of deformation and friction heating at 400-450°C.  
The stress and load obtained by an analytical modeling on both the materials and the temperature 
increase during forming is described. The thermal effect on the working tools studied by means of 
finite element simulation. It results that such methodology is very useful for determining the 
semisolid status for rib applications under the additive manufacturing philosophy.  
Analytical and simulative procedures 
The modeling of FDM for metal deposition of ribs is investigated by the realization of a proper 
procedural tool. Considering that the critical component of the system is represented by the 
extruder in which the material flow needs to be modeled two types of approaches are followed in 
such investigation. Fig. 1 shows the one based on the analytical modeling and the other one on the 
finite element simulation in order to describe both the tensional and the thermal behaviours inside 
the extruder. The billet of the initial radius of 3.5 mm was extruded to 2.5 mm over a length of 
about 14 mm included the cylindrical part of 10 mm. 

By the analytical modeling the material flow during extrusion is described with the typical 
equations given by the slab method: 

σ = 𝜎𝜎� ∙ 1+µ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(α)
µ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(α)

�1 − �𝑅𝑅0
𝑅𝑅𝑓𝑓
�
µcot (α)

�.                                            (1) 

𝜎𝜎𝐿𝐿 = 𝜎𝜎 ∙ 𝑒𝑒𝑒𝑒𝑒𝑒 �2𝜇𝜇
𝑅𝑅0
∆𝑙𝑙�                                   (2) 
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where: 

σ: extrusion stress/tension 

σ ���: material flow 

α : half cone angle 

µ: friction coefficient 

R0: initial billet radius 

Rf : final billet radius 

σL : tension at the stem of the container 

∆l: travel covered by the stem 

 
The material behaviour is described by two models related to two different magnesium alloys 

that are the AZ31 magnesium and the ZM21 magnesium alloys. They are described by the two 
following equations proposed in [21, 22]: 

𝜎𝜎� = 𝐾𝐾𝜀𝜀𝑛𝑛�̇�𝜀𝑚𝑚               (3) 

𝜎𝜎� = β0+β1ε+ β2ln (𝜀𝜀)̇ + β3𝑇𝑇
2 + β4 �𝑒𝑒𝑒𝑒𝑒𝑒 �

𝜀𝜀
𝑇𝑇��

2
+ β5 �𝑒𝑒𝑒𝑒𝑒𝑒 �

�̇�𝜀
𝑇𝑇��

2
+ β6𝜀𝜀

2 + β7�̇�𝜀
4           (4) 

with: 
K: Material coefficient depending on Temperature 
n: material coefficient depending on temperature 
m: strain rate sensitivity depending on temperature 

ε: deformation 
ε̇ : strain rate 

β1, βn : constant coefficients of equation. 
 

By the previous equations the extrusion load can be calculated by using a 1.5/2 coefficient to 
consider the distortion effect with angles approaching 45°. The extrusion load calculated by the 
following: 

𝐿𝐿 = σ𝐿𝐿 ∙ 𝜋𝜋 ∙ 𝑅𝑅02                                                    (5) 

The temperature increase due to deformation is obtained by balancing heat exchange as follows: 

∆Tdef = βσ�∆𝜀𝜀�
ρ𝑐𝑐                (6) 

Where β=βhgβhr  with βhg is the percent of heat generated by deformation and βhr is the percent 
of heat due remaining in the workpiece. ∆ε is deformation increment in the conical zone. 
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The friction heating is calculated by the following equation: 

∆T𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = τ2𝜋𝜋𝑅𝑅0∆𝑙𝑙∙𝑣𝑣∙𝑎𝑎
ρ𝑉𝑉𝑐𝑐 +

τ𝜋𝜋(𝑅𝑅0
2−𝑅𝑅𝑓𝑓

2)�𝑎𝑎𝑡𝑡𝑡𝑡
2+1

𝑎𝑎𝑡𝑡𝑡𝑡2 ∙�
𝑅𝑅0−𝑅𝑅𝑓𝑓
𝑠𝑠𝑠𝑠𝑛𝑛𝑡𝑡 �

ρ𝑉𝑉𝑐𝑐                      (7) 

while the temperature of the billet during cooling by tool contact calculated as: 

𝑇𝑇 = 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 + �𝑇𝑇0 − 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠�𝑒𝑒𝑒𝑒𝑒𝑒 �
−𝛼𝛼𝛼𝛼(𝑐𝑐−𝑐𝑐0)

𝜌𝜌𝑐𝑐𝜌𝜌
�.           (8) 

Finally the total temperature of the billet due to different contributions given by: 

𝑇𝑇𝑓𝑓 = ∆𝑇𝑇𝑑𝑑𝑒𝑒𝑓𝑓+∆𝑇𝑇𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎+T                                   (9) 

where: 
t0: initial time 
v: velocity of the stem 
t: time of displacement 

ρ: density of material 
c: specific heat 
V: volume of the material 

∆T: temperature increment 
𝑇𝑇𝑠𝑠𝑠𝑠𝑒𝑒: surface temperature of container and stem 

T0: initial temperature of the billet 

∆Tdef: actual temperature increment of the billet due to deformation 

∆Tattr:actual temperature increment of the billet for the friction 
T: actual temperature due to tool contact 
Tf  : total actual temperature of workpiece. 
 

 
Figure 1 Procedure. 
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The previous equations by (1) to (9) are used to quantify the stress of the material inside the 
container and under the action of the stem. By those the temperature increase, under two nominal 
temperatures investigated that are 400° and 450°C, due to the deformation and friction heating was 
calculated and computed in a finite element simulation model. 

The finite element analysis of the extruder behaviour was performed mainly in terms of the 
thermal load obtained by the imposed and during working generated temperature. The built model 
is characterized by an adaptive re-meshing. The heat flow and the thermal dilatation of the material 
and of the container in order to take chance to quantify elastic deformation and its effect on the 
extrusion are obtained. The material used for the stem and for the container was conventional tool 
steel. In Fig.2 a scheme of the extruding model is given. 

 

Figure 2 Extruding system model. 
Results 
For the temperatures considered in the study the equation (1) and (2) using the material models (3) 
and (4) proposed in previous works produce the results in terms of stress reported in Figs. 3 and 4. 
At 400° and 450°C for AZ31 magnesium alloy a slight decrease and then an increase in the stress 
vs. displacement  curve is given in particular in the conical zone of the extruder in which the main 
deformation appears. In detail Fig. 3 reports the values at different levels of the displacement, 
while the Fig. 4 shows the same values increased to consider at the beginning the final stress values 
at the end of the extrusion phase. This provides useful information for project design evaluations 
at the extruder level. 

 
Figure 3 Stress behaviour for AZ31 Mg alloy during extrusion at 400° and 450°C. 

 
Figure 4 Stress behaviour for AZ31 Mg alloy during extrusion at 400° and 450°C increased to 

consider at the stem level the stress after the entire deformation.  
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Under the two temperature conditions also for the ZM21 magnesium alloy a decrease in tension 
until the beginning of the conical zone and then an increase can be observed as reported in Figs. 5 
and 6.  

The tensioning at 400°C is higher than the results obtained by the same equations (1) and (2) at 
450°C. It means that under the conditions of the present investigation the high values of tension in 
the cylindrical part of the extruder depend on the friction while those obtained in the conical one 
are related mainly to the deformation.  

The eq. (5) allows the calculation of the highest load that could be of about some tens of kN.   
By those values of stress the temperature increase can be analysed in detail. In particular, by 

equation (6) and (7) the temperature contribution due to deformation and mainly that due to friction 
can be calculated, respectively. In figs. 7 and 8 the temperature increase in the cylindrical and 
conical zone for both magnesium alloys at 400° and 450°C is shown previously (condition 1) and 
after deformation (condition 2). 

 
Figure 5 Stress behaviour for ZM21 Mg alloy during extrusion at 400° and 450°C. 

 
Figure 6 Stress behaviour for ZM21 Mg alloy during extrusion at 400° and 450°C increased to 

consider at the stem level the stress after the entire deformation.  
Instantaneusly the local temperature can rise up to about 550°C for both AZ31 and ZM21 

magnesium alloys due to friction and deformation at the conical zone and up to a temperature 
lower than the former in the cylindrical. If the cooling effect is not considered the temperature rise 
is able to produce the beginning of semisolid behaviour of the material under investigation 
notwithstanding the nominal temperature imposed. The material behaviour under similar 
conditions in terms of temperature is also reported in [8,9]. 
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                       a)                                                                          b) 

Figure 7 Temperature increase for AZ31 Mg (a) and ZM21 Mg (b) alloy during extrusion 400°C 
increased for deformation and friction heating. 

 
                                a)                                                                             b) 

Figure 8 Temperature increase for AZ31 Mg (a) and ZM21 Mg (b) alloy during extrusion 450°C 
increased for deformation and friction heating. 

The temperature of AZ31 and of ZM21 mg alloys obtained by equation (8) related to the 
nominal at 450°C is reported in Fig. 9a) for the entire volume and the cylindrical part. The vacuum 
cooling condition that is 0 m/s air velocity is considered. The decrease is due mainly in the 
extruding system at the tool-material contact interface. 

Due to the effect of the very low deforming volume considered that is of about some hundreds 
of cubic millimetres the real temperature rising is affected by a factor of 103 respect to conventional 
extruding problems. The cooling effect could reduce the temperature increase to maintain the 
above values. Such results are similar to those found for aluminium alloys under similar conditions 
[16, 23-25]. Fig. 9b) reports the temperature behaviour given by the equation (9) representing the 
whole temperature of the alloy considering all of the effects represented by the deformation and 
friction heating for the nominal temperature of 400°C, included the effect of cooling at the tool-
material contact interface at the same temperature without such effects. 

The temperatures determine an increase in the volume that produces deformations, 
displacements and tensions in the container with a given thermal flow at the specimen tool contact 
interface as can be observed in Figs. 10, 11 and 12. They report the real temperatures in the whole 
volume and in the conical zone approximated to 600°C in order to overestimate the effect of 
pressure on the tool, the elastic deformation amount at the extruder and on the material with related 
displacements. 

The Fig. 13 reports the extruder behaviour under thermal load when the volume of material 
inside the container is less than that effectively available. At the deformation zone the pressure is 
equal to 50-65 MPa with a load not higher than 3.5-4.5 kN. Under such condition the analytical 
modeling is largerly able to describe the behaviour of the magnesium alloys under investigation. 
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a) 

 
b) 

Figure 9 Whole temperature behaviour for AZ31 Mg and ZM21 Mg alloys during extrusion at 
450°C in the cylindrical and conical region: a) nominal temperature and b) temperature after 

deformation and friction heating. 
 

 

 
a)                                                         b) 

Figure 10 Extruding system (a) and temperature of magnesium alloy during extrusion at 450°C 
with the contribution of deformation and friction heating (b).  
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a)                                                                 b) 

Figure 11 Deformation of the extruder (a) and of the material magnesium alloy (b) during 
extrusion at 450°C with the contribution of deformation and friction heating. 

 

 
Figure 12 Displacements in mm of the extruder wall at 450°C plus  the contribution of 

deformation and friction heating.  

 

Figure 13 Pressure contact at the conical zone for temperature increase. 
Summary 
The study of the extrusion of magnesium AZ31 and ZM21 alloys in order to obtain semisolid 
condition useful for ribs deposition is performed.  

The analytical modeling allows to determine the stress values of the materials under 
investigation knowing the behaviour for given conditions of temperature and strain rate. In detail, 
the flow stress distribution along the container represented by the cylindrical and the conical zone 
in which effectively takes place the deformation. Two different conditions were considered in 
terms of initial nominal working temperature that are 400° and 450°C. For both the conditions the 
effect of deformation and friction heating produces an increase in temperature up to a value not 
higher than 600°C. Such temperature is the most useful for determining the semisolid status for 
rib applications under the additive manufacturing philosophy. In particular when higher conicity 
angles than 15° do not allow to neglect distortion effects in the conical zone. 
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The increase in temperature determines a thermal load on the extruder evaluated by means of 
the numerical simulation getting an acceptable elastic deformation on the tools with a reacting 
force at least one order of magnitude less than the extruding force. 
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