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ABSTRACT
This thesis aims to develop a FE-based model of a dieless wire drawing process for wires made
from magnesium alloys. To this end a general material model of pure magnesium and a model of
the dieless wire drawing process are developed. Based on the general pure magnesium model an
alloy specific model for AZ31 wire is developed. The performance of both models is assessed
using experimental data generated on a dieless wire drawing prototype.
The process model is conceptionally split into the thermal and mechanical response of the wire.
The thermal model is validated by axial temperature profiles and the mechanical model is validated
by CSA-reduction and wire force. Both behaviours are validated separately before combining the
thus created models into a thermomechanical model of the dieless wire drawing process. The
thermal material model is developed for pure magnesium. An initial assumption of limited correlation between content of alloying elements and thermal behaviour, was disproven. As a results in
addition to alloy-specific mechanical data, thermo-electric data is recorded to achieve thermal validity of the model. This is done by identifying the experimental maximum temperature of the drawn
wire for a given heating power and calculating the necessary input power of the induction heating
device to achieve this temperature in simulation. The mechanic material model is based on experimental stress-strain curves recorded for each investigated wire materials in addition to pure magnesium data, based on literature.
Results show the thermomechanical magnesium models to be mostly valid, provided process parameters stay within the range of available data on the mechanic material performance. Where the
model is forced to extrapolate material behaviour, simulation quality drops. This applies for wire
temperature and CSA-reduction. Estimations of wire force are shown to be invalid. For AZ31 wire
the thermal model generated valid temperature profiles of the wire. The thermomechanical model
for AZ31 is shown invalid as both CSA-reduction and wire force deviate from experimental results.
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1 Introduction
Conventionally magnesium wire finds most use in welding applications (Bai et al.
2014). Because of this, mechanical properties of conventional magnesium wire
have been largely disregarded. In recent years, interest in the material for medical
implants has risen. For this use, very fine wires from biocompatible magnesium
materials are desired for their corrosive properties and their superior strength
compared to established polymer sutures (Seitz et al. 2011). This presents an
interesting opportunity for material and process innovation as balancing biocompatibility and mechanical strength represent a unique challenge to the field.
Through conventional wire drawing, wires from suitable alloys of the desired fineness and strength can be produced. However, this requires the use of lubricants
and multiple drawing passes (Milenin et al. 2016). Both drive production costs.
To address these issues dieless wire drawing has been proposed. Dieless wire
drawing is an unconventional approach to wire drawing that was first developed
by WEIS and KOT in 1969. Metal wires are locally heated and exposed to a controlled state of tension. In this thermomechanical state, deformation of the wire is
localized to the heated part of the wire. Thus, dieless wire drawing omits the otherwise necessary drawing die and lubrication. Though initially the method was a
commercial failure, certain industrial trends have revitalized scientific interest in
this method. Since the early 2000s in particular, interest in this technique for the
production of fine wires has risen (Naughton and Tiernan 2007). Besides the
medical use of magnesium wire. miniaturization of products and a resulting demand for microforming techniques (Engel and Eckstein 2002) drives a general
interest in dieless wire drawing (Braatz et al. 2022).
To investigate the potential of dieless wire drawing as a method of producing fine
magnesium wires, a prototype was designed and manufactured at the Institute
for Material and Process Design at the Helmholtz Zentrum Hereon (Braatz et al.
2022). The machine incudes a high frequency induction heating device and two
powered spools. These devices are directly controlled by the user to achieve the
desired thermomechanical state. The device is intended to achieve great reductions in diameter in a single run. To achieve this, several process parameters
need to be optimised. To better understand the interaction of process parameters
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and wire material, the process is to be modelled. The finite element method is a
common choice for modelling forming processes because it enables estimates
for otherwise not measurable internal object elements (Kaiser et al. 2014).
It is the aim of this thesis to develop this simulation model. DEFORM 2D is used
to generate a model of the system. To this end, the model is divided into the
conceptual components of the process. The thermal material response to induction heating and convection cooling and mechanical response to tensile stress.
Combined they form the thermomechanical model of the dieless drawing process. The thermal model of the process is primarily based on literature data for
pure magnesium and the inputs of the induction heating device. The mechanical
model is based on extensive tensile tests performed with investigated magnesium alloys at different temperatures and strain rates. The performance of the
model is validated with further experimental data for pure magnesium and AZ31.
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2 Theoretical Fundamentals
2.1 Wire Drawing
2.1.1 Definition
Wire drawing is used to achieve reductions in wire diameters. To this end wire is
drawn through a conical die. The federally recognised German Institute for Standardization (DIN) categorises wire drawing as a sliding draw and tensile-compressive forming process (DIN 8584-1:2003-09).
Wire of a given initial diameter is drawn through the die. The internal diameter of
the die tapers along the drawing direction towards an exit diameter. The process
is driven by the drawing force 𝐹𝑑 which is induced in drawing direction by motorized drums. When the wire moves through the fixed die it experiences both tensile
and compressive stresses. Tension draws the wire through the tool and compression forces the die profile onto the wire (Dietrich 2018: 111ff.; Förster and Förster
2018: 49). Similar to extrusion, wire drawing is a process with indirect force input.
That means the force input and deformation zones are spatially separate (Doege
and Behrens 2010: 176). To achieve greater reduction in wire diameter multiple
sequential drawing stages are employed. However this practice is associated
with increased wear and other cost drivers like lubrication (Dietrich 2018).

Figure 1:

Principal schematic of drawing wires and rods (Chatti et al. 2014:
517)

Figure 1 shows the principal schematic of a wire drawing setup with a drawing
die and a wire. The following parameters are shown: the approach angle 𝛼, the
drawing force 𝐹𝑑 is noted as 𝐹. the changes in diameter is described by is cross-
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sectional area (CSA) the initial CSA is given as 𝐴𝑜 and the final CSA 𝐴1 is given
as 𝐴𝑓 (Chatti et al. 2014: 516).
2.1.2 Process Mechanics and Parameters
The purpose of this chapter is to highlight the internal material mechanics that
cause the deformation observed as a result of conventional wire drawing as well
as the central parameters of the process.
Kinematically the wire changes its speed when it is drawn through the die. The
feeding speed 𝑣0 is lesser than the drawing speed 𝑣1 . If the CSA of the sample
is changed, by reducing the wire diameter, then, given a constant material density, the length of the segment and therefore the velocity of flow must change by
an inverse amount (Fritz 2018: 137).

Figure 2:

𝐴0 𝑙0 = 𝐴1 𝑙1

(2.1)

𝐴0 𝑣0 = 𝐴1 𝑣1

(2.2)

Tensile Stresses in drawn wire (Doege and Behrens 2010)

Inversely, the wire surface is held back by the die, slowing its velocity. This effect
is radial in nature, with the wire reaching drawing velocity at its centre. This slowing effect can also be explained mechanically. The wire surface exerts part of its
drawing force onto the sloped interior of the die. Based on the die angle and the
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friction ratio of both wire and die material, the die exerts a friction force on the
wire. This counterforce works against the drawing force and in their summation
reduces the internal tensile stress 𝜎𝜏 even reversing its direction. This effect is
visualised in Figure 2, which shows the radial stress distribution in drawn wire at
three points in proximity to the drawing die. Inside the drawing die, wire surface
experiences compressive stress while the core experiences tensile stress. As the
wire exits the die and loses its support, this relation reverses. The finished wire
possesses an internal stress state with compression at its core and tension on
the surface.
Wire drawing is defined by several key process parameters. Among these “friction and die geometry play the most significant role” (Chatti et al. 2014: 517).
Additional parameters central to describing the drawing process are the principal
degree of deformation φ𝑝 , the drawing force 𝐹𝑑 and the drawing speed 𝑣1 (Dietrich 2018: 112ff.). Friction is controlled through lubrication, traditional lubricants
like mineral oil or grease have however been proven to be unfit for the high pressures present at the wire-die interface. Commonly drawing soaps and waxes are
used as lubrication, with surface deposition of copper or tin being named as an
alternative (Chatti et al. 2014: 516).
The inner die geometry is described by three parameters. These are the approach angle, the bearing surface and the back relief angle. The approach angle
can be seen in Figure 1 as 𝛼, it is involved in determining the surface friction and
compressive strain generated during the process. (Chatti et al. 2014: 518)
The principal degree of deformation φ𝑝 , which for wire drawing is equal to the
longitudinal degree of deformation, can be derived by relating the CSA before
and after the process 𝐴0 and 𝐴1 . It possesses information about the total form
change, experienced by the sample (Dietrich 2018: 112).
φ𝑝 = ln

A0
A1

(2.3)

Alternatively, the CSA-reduction 𝑅 is used. This parameter can also be obtained
by relation feeding 𝑣0 and drawing 𝑣1 velocities of the drawing process.
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𝑅 =1−

A1
𝑣0
= 1−
A0
𝑣1

(2.4)

Driving the wire drawing process is the drawing force 𝐹𝑑 . With the average flow
stress 𝑘𝑓𝑎 , the die angle α and an average coefficient of friction µ𝑓𝑟𝑖𝑐 it is defined
as follows.

𝐹𝑑 = 𝐴1 𝑘𝑓𝑎 φ𝑝 (

µ𝑓𝑟𝑖𝑐
2𝛼
+
+ 1)
𝛼
3 𝜑𝑝

(2.5)

The drawing force equation can be simplified by introducing a forming efficiency
factor η𝑓 .
𝐹𝑑 =

𝐴1 𝑘𝑓𝑎 φ𝑝
η𝑓

(2.6)

Like the drawing force the drawing speed 𝑣1 originates at the receiving drawing
spool and is reliant on the spools speed 𝑛 and the spools diameter 𝑑𝑑 giving the
following relation (Dietrich 2018: 113).
𝑣1 = 𝑛 𝑑𝑑 𝜋

(2.7)

The deformation of metallic materials can be explained by the transversal shift of
crystal lattice points and planes. Where the difference in local tensile stresses
grows larger than the material specific permissible stress, the crystal lattice shifts
(Fritz 2018: 137). This mechanism is explained further for the magnesium alloys
under the subchapter on magnesium alloys.

2.2 Dieless Wire Drawing
2.2.1 Definition
Dieless wire drawing omits, as the name suggests, the drawing die. Instead dieless wire drawing uses heating devices to locally increase the wire temperature,
thus reducing the wires strength in that area. This approach utilizes the material
property of temperature-dependent yield stresses. The heating initializes a localized plastic zone, where the drawing force causes plastic deformation (Naughton
and Tiernan 2007). This has the advantage of eliminating cost drivers of the
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process. Namely lubrication and the drawing die, which experiences significant
wear(Tiernan and Hillery 2004). Furthermore dieless wire drawing has been show
to achieve superior reductions in diameter when compared to conventional wire
drawing (Carolan and Tiernan 2009). A major drawback of the process is that
achieving a stable forming process is difficult.
The localization of the plastic zone is achieved by placing heating and cooling
devices in series. The heating can be realized in a number of different ways,
besides brushed rollers inducing heat through electric resistivity and laser heating
of very fine wires (Li et al. 2003), induction heating is the most common solution
(Furushima and Manabe 2018; Braatz et al. 2022; Yoshida and Koiwa 2011). The
cooling device can also take different shapes. NAUGHTON and TIERNAN suggest
flow cooling utilizing a mixture of water and argon as the cooling medium (Naughton and Tiernan 2007). The effect of the cooling system was further investigated
by FURUSHIMA and MANABE by comparing a dieless wire drawing setup with a
water-based cooling solution, to one without a dedicated cooling device which
they dubbed ambient cooling. They found that, omitting a cooling device extends
the plastic zone, and reduces the achievable CSA-reduction by up to 15 percentage points (Furushima and Manabe 2018).
Like in conventional wire drawing, the drawing force is generated by a speed
difference in the supplying and receiving spools. The breaking force however is
not supplied passively by the drawing die and therefore must be generated by
the feeding spool. This speed difference needs to be controlled more precisely
as a homogenous product is very dependent on the presence of stable flow
stresses within the wire (Naughton and Tiernan 2007).
2.2.2 Process Mechanics and Parameters
In contrast to conventional wire drawing, dieless wire drawing does not exhibit
friction forces. The CSA-reduction is achieved by controlling the material temperature in the stretching zone. This leads to a reduction of tensile yield strength
which, when the drawing force is controlled precisely, allows for plastic deformation to take place only in the stretching zone. Since the stretching zone travels
across the sample, the deformation of each wire segment can be limited to the
desired reduction in diameter by varying the velocity differential, the length of the
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stretching zone, through control of heating and cooling solutions, and the drawing
force.
for dieless wire drawing, it is useful to put average stress into a relation containing
drawing forces and wire velocities, as these can be controlled during the process.
The following equation achieves this by replacing the unknown CSA of the wire
during the process. The average flow stress is dependent on the tensile load 𝐹𝑑 ,
the resulting area of the sample 𝐴1 and the relation between feeding speeds 𝑣0
and drawing speed 𝑣1 (Naughton and Tiernan 2007). The average flow stress can
therefore be expressed as follows.

𝜎𝑎𝑣𝑔

𝑣0
⁄𝑣1 )
=
𝑣
𝐴1 ln ( 1⁄𝑣0 )
𝐹𝑑 (1 −

(2.8)

It is useful to separate the parameters of the dieless drawing process into mechanical and thermal parameters. Thermal parameters are temperature and thermal material properties like heat capacity and thermal conductivity. Mechanical
parameters are, in large, shared with conventional wire drawing and are drawing
velocity, drawing force, stress, strain as well as mechanical material properties
like yield stress (Pawelski and Kolling 1995). Conventional process parameters
are drawing and feeding velocities as well as the powers of the used heating and
cooling devices, which determine the wire temperature.
Of these process parameters “temperature is the main control parameter”
(Pawelski and Kolling 1995). In order to control the wires temperature-dependent
yield stress, it is not sufficient to control only its maximum temperature. The length
of the segment in which the wire can be considered hot and therefore plasticised
is considered the drawing length 𝑙𝑑 . It is this length of wire where the majority of
thinning occurs. However, the drawing length is commonly assumed to be equal
to the distance between the heating and the cooling apparatuses. This definition
is limited at best because it assumed heating, cooling and the resulting change
in material strength to be instantaneous processes (Naughton and Tiernan 2007).
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Kinematics of dieless wire drawing after Fortunier et al. (R. Fortunier et al. 1996)

A different approach is given by FORTUNIER et al. as well as PAWELSKI and
KOLLING, who still derive 𝑙𝑑 from the distance between the temperature control
devices, but by defining a temperature distribution they avoid the assumption of
instant temperature change. They define three major thermal zones for the process which can be seen in Figure 3: the heating zone, stretching zone, and cooling zone. During the dieless wire drawing process every segment of wire passes
each of these zones. In the heating zone the wire is actively heated and in the
cooling zone the wire is actively cooled. The stretching zone lies between the
two, here the wires heat changes only by passive cooling via radiation and convection. A fourth preheating zone is defined as the area that is subjected to heat
radiation from subsequent zones (R. Fortunier et al. 1996).
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Temperature distribution in wire during dieless wire drawing (R.
Fortunier et al. 1996)

FORTUNIER et al. consider a segment of wire with position 𝑥 which is drawn
through a dieless wire drawing machine. For each of the four zones they propose
an analytical equation for the temperature of the segment 𝑇 being reliant on the
segment’s position, the lengths of the heating 𝑙ℎ , stretching 𝑙𝑠 , and cooling 𝑙𝑐
zones, the change in heat due to heating 𝑞ℎ̇ or cooling 𝑞𝑐̇ and initial 𝑇𝑖 and final
temperature 𝑇𝑓 of the wire. This temperature profile can be seen in Figure 4. For
the preheating zone the temperature of the running segment can be described
as a gentle slope as the heat introduced into the wire by the heating device is
conducted back into the preheating zone. The temperature of the heating zone
can be seen as a steep increase in temperature from the initial temperature 𝑇𝑖
towards maximum temperature 𝑇1 . Here, the input heat of the heating device 𝑞ℎ̇
easily compensates the heat loss due to diffusion and heat conduction. In the
stretching zone, because of the absence of any active heating or cooling, the
wires passive heat loss to radiation and convection is dominant. The temperature
of the running segment is near constant with a slight downwards slope. Finally,
the temperature of the running segment in the cooling zone shows a sharp decrease as the segments heat is reduced by 𝑞𝑐̇ from the intermediate temperature
𝑇2 towards the final wire temperature 𝑇𝑓 . Thus, the temperature distribution given
can be used to identify the maximum temperature and a qualified length for the
stretching zone.
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2.3 Induction Heating
Induction heating devices can be used to heat electrical conductors, ordinarily
metals. The heating effect is caused by the induction of eddy currents in the material, which dissipate their energy as heat into the material via ohmic resistance.
The principal components of an induction heating device are a generator and an
induction coil. The coil is made from highly conductive material, generally copper,
which is shaped into a coil. The number of turns 𝑁 is of significant importance to
the intensity of the resulting electric field. If operating temperatures exceed a certain threshold, a cooling solution for the induction coil might become necessary.
In this case the coil can be made from tube material and cooled with a coolant
flow. The generator supplies current power and frequency as required.
2.3.1 Induction of an Electric Field
When a current flows through an electric conductor, a magnetic field is induced
around said conductor. When the shape of the conductor can be simplified as a
two-dimensional straight line with the current flowing along the axis of the conductor, the direction of magnetic flow is circular around that conductor (see Figure
5).

Figure 5:

Electrical conductor and magnetic field line after (Lehner and Kurz
2021: 692)
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In Induction coils the conductor is not straight but wound around an inner coil
diameter. This results in a directed magnetic field in the inner coil space (see
Figure 6).

Figure 6:

Magnetic field lines around a coil (Nave 2016)

This directed magnetic flow now induce an electric field in any magnetic material
the same way electric flow induces a magnetic field. The induced electric flow
also has a circular direction around the magnetic field lines. These closed currents are called eddy currents and they are central in facilitating the induction
heating effect as well as other phenomena (Lehner and Kurz 2021: 693).
Inductors consume mostly reactive power. That power flows back into the circuit
when the direction of current reverses with the circuit’s frequency. In the application of inductive heating, active power loss is generated when the magnetic field
causes eddy currents in an electrical conductor. Since air is an isolator, an electromagnetic field in air draws little active power relative to the apparent power of
the circuit. However, when a conductor is introduced into the electromagnetic
field, eddy currents are induced these cause significant active power losses. The
active power of an induction coil is therefore related to the amount of conductor
material in the electromagnetic field (Böge 2007: 311,312).
Eddy currents which facilitate the heating by electrical resistance exhibit a penetration depth 𝛿 which is largely dependent on the frequency of the generator 𝑓
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and the electrical resistance of the sample material 𝑅. With µ𝑟 being the relative
magnetic permeability and µ being the magnetic permeability of a vacuum
(Naughton and Tiernan 2007). The penetration depth is defined as.

𝛿=√

𝑅
𝜋𝑓µ𝑟 µ

(2.9)

Eddy currents heat conductive materials via Joule’s first law. Which states that
the Heat generated in a conductor 𝑃 is proportional to the square of the current 𝐼
multiplied with the conductors ohmic resistance 𝑅.
𝑃 = 𝐼²𝑅

(2.10)

Eddy currents however, cannot be measured directly because they are inherently
closed circuits. To form a relation between eddy currents and thermal work is
therefore difficult. The change in temperature resulting from this work however,
can be observed. Heat energy 𝑄 can be expressed as a function of mass 𝑚, heat
capacity 𝐶 and the change in temperature 𝛥𝑇.
𝑄 = 𝑐 𝑚 𝛥𝑇

(2.11)

In induction heating the change in heat is equal to the ohmic power loss. Thus
equations (2.10) and(2.11) relate as follows.
𝐼²𝑅 = 𝑐 𝑚 𝛥𝑇

(2.12)

Which gives the amperage of induced eddy currents as a function of material
parameters and the change in temperature.

𝐼=√

𝑐 𝑚 𝛥𝑇
𝑅

(2.13)

2.4 Magnesium Alloys
Magnesium is considered a structural metal, because it is employed to withstand
mechanical loads. With a density of 1.74 g/cm³ magnesium is the lightest of the
structural metals and the third most plentiful. Magnesium makes up about 2.5 %
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of the earth’s crust (Kring 1997). Its mechanical and corrosive properties however
prevent its usage as a pure metal in structural application (Warlimont and
Martienssen 2018: 147). Where magnesium is used as a structural element, it is
usually alloyed to improve its castability and produce a harder product (Warlimont
and Martienssen 2018: 150). Magnesium alloys are separated into cast and
wrought alloys, according to their primary use. Cast magnesium alloys are plentiful with the most common alloying elements being aluminium, zinc, manganese,
zirconium and rare earth elements. Wrought magnesium alloy are rarely used,
representing less than 10 % of all commercial magnesium components. This is
mainly due to its unsatisfying mechanical performance at low temperatures. To
enable wrought magnesium for broader use, extensive research into improving
low-temperature formability of wrought magnesium through alloy innovation is
done. The most common wrought magnesium alloy is AZ31, an alloy containing
3 % aluminium and 1 % zinc. New high strength alloys have been developed and
an industrial scale production facility for wrought magnesium is being built in
China (You et al. 2017).

Figure 7:

Tensile tests of varying temperature for ME20M magnesium alloy
1
at a strain rate of 10−3 𝑠 (Wang et al. 2021)

Established experimental data shows a significant negative correlation of material
flow stress with material temperature. For example, tension experiments performed on ME20M, a magnesium alloy containing rare earth elements, show that
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the observable flow stress for experiments performed at 488 °K is less than 25 %
of the amount measurable in tests performed at 293 °K (see Figure 7).

Figure 8:

Tensile tests of varying strain rate for pure magnesium performed
at 20 °C (Figueiredo et al. 2016)

Furthermore, tensile flow stress is positively correlated with strain rate. This behaviour can be observed in Figure 8. Depicted are the true strain stress curves
of several tensile test performed on ‘commercially pure’ magnesium at room temperature. As the strain rate increases, so does the observable ultimate tensile
stress. However, the relation is not as simple for fracture strain. Samples drawn
at a strain rate of 10−4

1
𝑠

show the minimum fracture strain of the series. Increas-

ing or decreasing the strain rate improves the material ductility, increasing fracture strain.
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Flow stress relative to temperature and strain rate (Fritz 2018)

The general correlative qualities of ultimate tensile stress to heat and strain rate
are also valid and visible for C45 steel in Figure 9. Here, flow stress is given as a
function of strain rate and the visible curves represent the materials behaviour at
different temperature levels. The figure shows the flow stresses for a fixed strain
of 0.3 for the different test-setups. For flow stress we can clearly see the negative
correlation regarding temperature and a linear positive correlation to logarithmic
increases in strain rate (Fritz 2018).
Plastic deformation of rigid crystal bodies, like metals, occurs when the internal
lattice structure of the material adjusts to present stresses by shifting in one or
more places. This flow, as it is called, is dependent on the materials temperature
and stress state. In a crystal lattice individual atoms are held in place by bonding
forces. As the temperature of the material rises, the atoms that make up its crystal
lattice swing with increasing amplitude. This is called thermal energy and it can
enable individual atoms to move inside of the crystal lattice to an adjacent and
vacant spot. This occurs when the thermal energy becomes greater than a material specific activation energy. This process is called diffusion and it occurs more
frequently at higher temperatures. In systems with a state of directed stress, diffusion along the direction of the stress is preferred. This phenomenon is called
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drift. Microscopic drift phenomena add up, when considering the entire system,
leading to deformation (Roos and Maile 2011: 55ff.).
Besides encouraging material flow, diffusion works in a separate capacity to reduce stresses in crystalline materials. Forced deformation causes lattice defects.
Lattice defects are any diversions from the optimal crystal structure. Because
they are energetically suboptimal, they are repaired if the lattice possesses the
necessary thermal energy. Because their rectification takes precedence over any
drift phenomena, lattice defects inhibit material deformation and increase material
strength. Thus, the elimination of lattice defects by thermal diffusion makes the
material more ductile. This process is called crystalline recovery and it is more
prevalence at higher temperatures (Roos and Maile 2011: 60f.).
The final mechanism at work to reduce flow stresses of hot metals is dynamic
recrystallization. Recrystallization is defined as the movement of grain boundaries. This process is activated by thermal energy and reduces flow stress and
increases the materials deformability by promoting a more coherent crystal lattice
(Gottstein 2014: 321). When recrystallization takes place during deformation, it is
called dynamic recrystallization (Gottstein 2014: 366).
Magnesium’s hexagonal close-packed crystal structure (hcp) is the main cause
of its poor deformation ability at room temperature. Deformation at room temperature in hcp crystals can be explained by two mechanisms, slip along the basal
plane and tension twinning ({101̅2}). Comparing this to other structural metals
like iron or aluminium, it is evident that magnesium has relatively few modes of
deformation at room temperature. This manifests itself in a highly anisotropic behaviour of the material as formability is highly dependent on the direction of force
relative to crystal basal planes in the material. At higher temperatures above 200
°C prismatic and pyramidic slip becomes more feasible, easing deformation
(Warlimont and Martienssen 2018: 147, 148). At around 300 °C compression
twinning ({101̅1}) becomes relevant as well.
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CRSS of slip and twinning in pure magnesium relative to temperature (Nie et al. 2020)

In order to activate deformation modes, the crystal lattice has to be subjected to
a sufficient amount of shear stress. The stress must surpass the critical resolved
shear stress (CRSS) to activate individual deformation modes. This value drops
with temperature as can be seen in Figure 10 for pure magnesium. At low temperatures, basal slip and tension twinning are active and can be observed. Above
200 °C prismatic and pyramidic slip occur at loads above 30 MPa. Compressive
twinning occurs easily enough at temperatures above 300 °C and stresses above
30 MPa. The activation of additional deformation modes facilitates deformation
and therefor weakens the material, lowering its ultimate tensile strength (Nie et
al. 2020).
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CRSS of slip and twinning in Mg-1wt pct AL single crystals at different temperatures (Nie et al. 2020)

Conventional AZ-series magnesium alloys such as AZ91 possess good strength,
ductility and castability. The relatively low melting temperature of an intermetallic
𝑀𝑔17 𝐴𝑙12 (𝛽) phase at 437 °C causes issues when investigation thermo-mechanical performance. Microstructural instabilities may arise above 127 °C as the intermetallic phase, which likes to form on grain boundaries, begins to weaken.
This causes grain boundary sliding. (You et al. 2017). Adding just one weight
percentage of aluminium has a significant effect on CRSS of deformation modes
in the now alloyed Mg-AL single crystals as Figure 11 shows. The required shear
force for pyramidic slip and twinning are more than doubled with the addition of
small amounts of aluminium (Nie et al. 2020). This also introduces interesting
correlations between CRSS values and material temperature as can be seen for
pyramidal slip in Figure 11.
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2.5 Finite Element Method
The Finite Element Method (FEM) is a numerical method for finding solutions to
differential equations usually regarding the interaction of forces and strain in materials. FEM is primarily used for simulations of engineering problems. FEM can
be used to simulate the internal stresses of construction elements, the heat dissipation in heat treatment experiments or even the propagation of electromagnetic fields. FEM operations are based on matrix calculations that can be automated by computers. Coupled with graphic user interfaces FE-software represents the modern standard for FE-simulations. The operation of FE-software is
usually structured by three steps: Preprocessing, Analysis and Postprocessing
(Steinke 2012). As a variety of problems can be addressed with FEM, it is useful
to distinguish FE-model by the type of problem they are designed to solve. For
this work thermal, mechanical, thermo-mechanical are relevant.
2.5.1 Preprocessing
Preprocessing is the process of developing a model for the given problem. The
shape of the parts involved in the problem are defined in the geometrical model.
This geometry is subdivided by an algorithm into a finite number of elements,
which are connected through nodes. The resulting network of elements is called
a mesh. Besides the geometrical models of all objects involved in the process to
be simulated, a model for the material behaviour has to be defined. This can be
achieved by supplying the software with relevant material properties. For deformation models stress-strain curves are central. For heating simulations thermal
material parameters are required. Furthermore, boundary conditions like velocity,
forces and degrees of freedom are applied. As preprocessing represents an abstraction of the real-world problem, certain idealisations are necessary. Any deviation from the real-world problem must be weighed as to their effect on model
results. This is the verification process, which requires expert knowledge of the
modelled problem.
2.5.2 Analysis
In the analysis step the effect of boundary conditions is propagated through the
mesh. For mechanical problems this means calculation nodal displacements and
forces.
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For the simplest case of linear-elastic bodies, strain and stress are linked by a
6x6-Matrix called 𝐷 containing only young’s modulus 𝐸 and the transversal contraction 𝑣.
𝜎⃗ = 𝐷 𝜀⃗

(2.14)

Analysis is based on the assumption, that the displacements of a node are the
result of forces acting on the connected elements and the stiffness of these elements. This relation can be mathematically expressed with axial displacement
vector of the node 𝑢𝑗 , axial force vector of the node 𝑓𝑖 and element stiffness matrix
𝐾𝑖𝑗 .:
𝐾𝑖𝑗 𝑢𝑗 = 𝑓𝑖

(2.15)

Thus the program can dissipate forces through the model and give a resulting
displacement and residual force vector for every node (Roylance 2001).
2.5.3 Postprocessing
Postprocessing is the process of interpreting the results of the analysis step. Modern FEA software supports this process by displaying state variables graphically,
for example through colour maps. Direct as well as indirect state variables like
stresses, deformation and temperature can be calculated and displayed. However, it remains the operator’s role to interpret these computer-generated images
and tables. Results a researcher might be looking for include the identification of
stress hotspots and structural weaknesses in the design of a given part (Roylance
2001). An important part of postprocessing is the model validation step. During
model validation, simulation results are related to measurements of the real-world
problem. In the context of model abstractions, the significance of measurable differences must be determined by process experts. Where necessary, adjustments
are made to the model in order to improve fitness.

Objective and Scientific Method

Page 22

3 Objective and Scientific Method
The objective of this work is to build a FE-based model for the process of drawing
wires, made from pure magnesium and the wrought magnesium alloy AZ31, with
a dieless drawing machine. The model is based on experimental and literature
data. The process of defining this objective and the steps taken to achieve it are
outlined in this chapter.
This thesis is motivated by the need to better understand the phenomenon of
dieless wire drawing and the thermal and mechanical behaviour of wire during
the process. This is part of the process of improving predictability and process
stability for dieless drawing machines. All state variables of the model can be
continuously observed for any given volumetric element. These kinds of observation on a valid model can generate new insights into the behaviour of the process. These insights can then be applied to the real-world process in the form of
functional improvements. To this end a model is developed based on the FEM
software DEFORM 2D, developed by the Scientific Forming Technologies Corporation (SFTC) with a thermomechanical software package.
However, in DEFORM 2D models for the employed magnesium alloys are not
available. Therefore, besides modelling the purely tensile stress state of the dieless drawing process, one major part of the work is developing a valid material
model for magnesium in DEFORM 2D. To this end material data is compiled for
plastic, elastic, thermal and electromagnetic material behaviour. These are derived from literature and experiment. Furthermore, it is necessary to develop the
model for mechanical and thermal behaviour separate from one another to enable separate verification and validation in regards to the model’s function.
The lack of material models for magnesium alloys in DEFORM also acts as a
limiting factor for the developed model. As the institute is primarily concerned with
magnesium alloys, most materials that might be considered for future implementation would require the development of a novel material model. Therefor this
work seeks to simplify this process by identifying which material properties primarily determine the observable behaviour of the material.
After an initial investigation of the literature, the decision was made that for pure
magnesium most material parameters could be derived from literature. Only
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temperature and strain rate variant stress-strain-curves could not be derived from
literature for the required parameter range. In order to obtain a full material model
for pure magnesium an experimental series is set up. Using a Zwick tensile testing machine with a maximum load of 50 kN with an optional convection heating
oven, stress-strain curves in the defined temperature range can be obtained.
For magnesium alloys literature data is less broad and additional experimental
series would be necessary to generate temperature variant values for several
thermal parameters. These experiments are not feasible with available equipment. Therefor an approximation has to be made for the material model of alloyed
magnesium. An assessment of these models’ validity is also a result of this work.
Separate experiments are performed with the dieless drawing prototype to generate an experimental basis for verification and validation. Running the machine
without a speed differential to observe the thermal behaviour of the wire. Running
the machine without heating to observe mechanical behaviour at room temperature. And running the machine normally to observe thermo-mechanical behaviour.
In summary, the goal of this thesis is to develop a simulation model of a dieless
wire drawing process and to develop material models for pure magnesium and
AZ31 based on literature and experiment, and to evaluate model performance in
comparison to experimental data.
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4 Materials and Methods
This chapter will outline the methods employed in this work as well as the material and systems used to facilitate them. The materials used are magnesium
wires with 1mm diameter. More specifically the alloys used are pure magnesium
and AZ31. The facilities used are all located at the Institute for Material and Process Design at the Helmholtz Zentrum Hereon research centre in Geesthacht
Germany. They include a tensile testing machine, an extrusion press and a dieless drawing prototype developed in a previous work at the institute (Dieckmann
2020). Methodically this work details a development process with aspects of experimental data acquisition. Thus, it encompasses experimental, developmental
and analytical tasks and methods.

4.1 Materials
Of the many magnesium materials under active investigation at the institute for
material and process design two materials were selected. Pure magnesium was
chosen because its physical properties can easily be derived from literature. The
second alloy to be investigated is AZ31, it is the primary wrought magnesium
alloy for structural applications and has been established as a material for dieless
wire drawing in several studies (Braatz et al. 2022; Furushima and Manabe 2018;
Yoshida and Koiwa 2011).
Three coils of extruded pure magnesium wire with 1 mm diameter are available
at sufficient quantity in institute storage. AZ31 is available as blank material for
the extrusion press in the form of 50 mm diameter billets and needs to be extruded into the coiled wire with a diameter of 1mm. Eight coils of AZ31 are produced for this project.
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4.1.1 Extrusion of Wires

Figure 12:

Schematic of the extrusion setup (Nienaber et al. 2020)

The extrusion process was facilitated by a 5 MN extrusion press by Mueller Engineering. Figure 12 shows a schematic of the employed extrusion system. The
extrusion die has four nozzles which define the wires cross sectional geometry.
For wire production a circular cross section of 1mm diameter is chosen. Four
wires are produced in parallel during each extrusion process. A multi-wire coiling
device by Mueller Engineering is used to facilitate the winding, storage and use
of the produced wires(Nienaber et al. 2020).
Two direct extrusions are run to create a total of eight wire coils. Both processes
were run at a maximum extrusion pressure of 300 MPa with an extrusion velocity
of 0.01 mm/s. The billets were each subject to a 16-hour heat treatment at 350
°C in controlled furnace beforehand and for the extrusion process, both billets
and the extrusion die were preheated to 350 °C.
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4.2 Experiments
The experiments performed in this work can be separated into two groups. The
first one is experiments with the purpose of acquiring mechanical data for the
simulation model. This category only applies to the tensile test experiments performed with the intent of creating stress-strain-curves for the development of the
mechanical material models. The second category is experiments with the intent
of using their results to verify and validate the process model. These are Induction
heating experiments, cold wire drawing and dieless wire drawing experiments.
4.2.1 Tensile Tests

Figure 13:

Tensile test machines Zwick Z050 and Z005

Tensile tests were performed on 50 and a 5 kN Zwick Z005 tensile testing machines from ZwickRoell (Z050 and Z005, which can be seen in Figure 13) with
pure magnesium and AZ31 wire.
It is useful to further differentiate between ambient tensile tests performed at room
temperature and hot tensile tests performed at elevated temperatures above 100
°C. This differentiation is made because each type of tensile test requires a different experimental setup. Ambient tensile tests are performed on Zwick Z050
and Zwick Z005. Hot tensile tests are only performed on the Zwick Z050 because
the heating device for the Zwick Z005 was not available at the time of
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experimental execution. The Zwick Z050 can be enveloped in a controlled convection oven with a maximum temperature of 250°C. Hot tensile tests are only
performed on the larger and less sensitive Zwick Z050, ambient tensile tests are
also performed on the Zwick Z050 if possible, to maximise the consistency of the
entire set of tensile tests. Some ambient tensile tests cannot be performed on the
Zwick Z050 however, because for some strain rates the wire shows insufficient
adhesion to the clamping surfaces of the Zwick Z050 causing frequent slipping
and invalidating the test results. In this case, tensile tests are performed on the
Zwick Z005 because its finer clamping surfaces show better adhesion for the
problematic strain rates.
For the ambient tensile tests room temperature is measured at 20-25 °C. The
test series is set up to investigate strain rate dependence of the stress-strain
curve for pure magnesium and AZ31. The maximum strain rate the Zwick Z050
1

can be run at is around 5 ∗ 10−3 s , as higher strain rates cause the machine to
default to an error stat. This is because higher strain rate required the resolution
of the measurements and 5 ∗ 10−3

1
s

seems to be the limit for this machine with
1

1

s

s

1mm thick wire. The test series is laid out at strain rates of 10−4 , 10−3

and

1

5 ∗ 10−3 s , to enable the investigation of strain rate dependence. The machine
is set to a drawing length of 50 mm. The wire samples are cut to lengths of 100
mm to accommodate for sufficient clamping length.
A single wire is set in the clamps of the tensile testing machine and affixed with
moderate pressure. The test is initiated with an initial force of 10 N. The tests are
controlled by the specified strain rate and therefor vary in runtime between one
and fifty minutes. For each setting, at least two repetitions are made with samples
cut from the same spool of wire. The result of each run is a stress-strain curve,
these will be discussed in the results part. The stress-strain curves of the ambient
tensile tests complete the mechanical model of the Material for room temperature
use.
For the hot tensile tests, the procedure is adjusted by adding a temperature-controlled convection oven to the testing machine, an industrial contact thermometer
and tools and equipment necessary for the handling of hot samples and machine
components.
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Before hot tensile tests, the oven is preheated to the defined test temperature.
Four test temperature are defined at 100 °C, 175 °C, 200 °C and 225 °C. The
wire is set in the machine and a temperature probe is clamped onto the exposed
wire. Before the test can begin, the heating time is observed to ensure the wire
is heated properly. Once the wire has reached the set process temperature as
displayed by the contact thermometer, the thermal probe is removed and the
oven is closed again to allow to for a stable thermal state to be reached. The oven
fans are turned down to reduce their influence on the force measurements and
the tests is initiated. The tests run similar to the ambient tensile tests and the
given strain rates are investigate at every test temperature. To verify the tests
results, each setup is run and recorded at least twice. The results of these experiments are discussed under the results chapter.
4.2.2 Induction Heating Experiments
In order to investigate the thermal behaviour of the wire during the dieless wire
drawing process and generate datapoints to the verify the outputs of the thermal
model, an induction heating test series is set up. The dieless wire drawing prototype at the institute for material and process design is controlled via four process
parameters: generator power, feeding velocity, drawing velocity and process duration. Process duration, drawing and feeding velocities are fixed at 20 s and 10
mm/s respectively for these experiments while generator power is set to four levels: 1.0 kW, 1.2 kW, 1.4 kW, and 1.6 kW.

.
Figure 14:

Infra-red image of hot wire and temperature measurements

The wire temperature is measured with a Optris Xi 400 infrared camera in five
measurement areas with size of 10x20 pixels and a spacing of 54 pixels. An
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example of measurements is shown in Figure 14. This spacing can be converted
to a measurement in millimetres by a factor of 0.1. Thus, the spacing of the temperature measurements is 5.4 mm. In this way the temperature profile of the wire,
at a given time, can be measure starting at the apparent hot spot located just
after the heating coil.
The infrared camera measures temperature indirectly through thermal radiation.
Therefore, the measurement needs to be interpreted with the emissivity of the
observed surface. This property describes the relation between emitted radiation
and other types of radiation like reflection and transmission. The emissivity of
metal surfaces varies with surface quality and temperature. It is therefore necessary to determine this value in situ. To determine the emissivity of the wire in this
experimental setup, reference points with known emissivity are used.

Figure 15:

Dieless wire drawing prototype with installed wire sample
(Dieckmann 2020)

These reference points are created by coating a section of the coiled wire with
heat resistant matt black spray paint. Once the paint has dried the coated wire is
placed in the machine. The wire coil is affixed to the feeding side of the machine.
A section of wire is the uncoiled and laid over a roller, threaded through the induction coil, laid onto another roller and finally affixed to a coil on the drawing
side of the machine. The experiment is now prepared and can begin. An example
of this setup can be seen in Figure 15.
The defined process parameters are set and a pretension of 5 N is applied to the
wire. The camera is set to record and the experiment is started. In this manner
several experiments can be performed in sequence only interrupted saving separate video files and adjusting the process parameters as necessary. The experiments are performed with magnesium and AZ31 wire and results will be discussed under the results section.
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4.2.3 Cold Drawing Experiments
The intent of the cold drawing experiments is to investigate the mechanical behaviour of the wire during dieless wire drawing without the temperature effect.
This enables the observation of the mechanical behaviour of the wire in isolation
from the thermal behaviour and thus also enables the validation of the mechanical material model at ambient temperature based on the generated data. For
these experiments the generator power is set at a constant 0 kW, eliminating
induction heating. The process duration and feeding velocity are also held constant at 50 s and 10 mm/s respectively. The drawing velocity is set to two different
values, 10.5 mm/s and 11 mm/s. For these experiments, infrared camera and
reference points are not required. The coiled wire is placed on the machine and
the test executed for both drawing speeds and the different wire materials. Three
samples are tested for each experimental setup.
After each run, the feeding coil is run in reverse to remove any remaining load on
the wire and the wire is cut near the feeding coil. This is done to remove all formed
material for subsequent experiments, as the tests affects the material properties
and would influence experimental results. Afterwards the next section can be attached to the drawing coil in preparation for the next experiment. The normal
force on the wire is measured indirectly by a torque sensor on the drawing axis
and tabulated every second for the experiment duration. After the experiments
are complete, the wire diameter is measured with a Micromaster IP54 electronic
micrometer. The experimental results and their relation to the simulation model
will be discussed in the results chapter.
4.2.4 Hot Drawing Experiments
The hot drawing experiments with a temperature range of 140-270 °C and strain
rates of 5 ∗ 10−3

1
s

1

to 10−2 s, serve as a model for the combined thermomechan-

ical behaviour of the dieless wire drawing process. The experimental range is
determined by the testing ranges of the underlying tensile data of the simulation
model. Since these experiments serve to validate the simulation model, stepping
outside of the model’s experimental basis represents an extrapolation. While investigating the model performance for extrapolating process parameters is done,
excessive extrapolation would likely not yield very useful data.
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The hot drawing experiments combine the methods of the induction heating and
cold drawing experiments. The wire is prepared with reference points and the
experimental setup is equipped with the infrared camera. For these experiments
two process parameters are adjusted. Generator power is set to 1.0 kW, 1.1 kW
and 1.2 kW and the initial and final position of the coil on the wire are marked to
identify the heated area on the wire sample. Otherwise, the experiments are performed according to the cold dieless wire drawing experimental setup with adjusted generator power.
The hot drawing experiments are evaluated by three output parameters: The wire
temperature, wire force and CSA-reduction. The temperature is recorded by the
infrared camera and since the location of the hot spot is know from the induction
heating experiments, the hot drawing experiments will focus on the temperature
of this hotspot in the steady state exclusively. The second dataset is the wire
force. Similarly, this data is evaluated by the force level of the processes steady
state. The final dataset for the hot drawing experiments is the achieved CSAreduction of the wire. For each wire sample initial and final diameter are measured. Initial diameter is measured on the part of the sample that was initially coiled
on the drawing coil. The final diameter is measured on the part of the wire that
was subject to a steady forming process, a length of 100 mm before the final coil
position marker. From these measurements the reduction in CSA can be calculated.
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4.3 Numerical Implementation
This chapter will outline the process of generating numerical models for the behaviour of the select wire materials during dieless wire drawing applications in a
specific machine.
The simulation model is realized in the DEFORM 2D FEM simulation system.
DEFORM is a versatile simulation system designed to analyse various forming
and heat treatment processes and offers a graphical user interface for development and analysis. It is therefore a preferential choice for research institutes interested in forming and heat treatment FE-simulations. These require a significant amount of flexibility to deal with the wide range of processes they might want
to investigate. DEFORM has a selection of process specific modelling wizards to
help model common forming processes. For this model the forming wizard is chosen as it enables in-process induction heating, which is central to dieless wire
drawing. Developed for die-forming processes, it enables the user to understand
the direction of material flow, the total deformation and the temperature distribution during the forming process (Scientific Forming Technologies Corporation
2013).
The model is split into parts based on the conceptual components of the dieless
wire drawing process. Thus, the function of these partial models can be validated
separately. The first part is the general simulation environment which encompasses simulation duration, resolution and objects as well as their geometry and
mesh density, it is verified by observations and measurements of device and
samples. The subsequent parts then deal with specific aspects of the dieless
drawing process and their realisation in simulation. A model for induction heating
of wires is verified in comparison to models of induction heating processes available as templates in deform as well as temperature measurements of the wire
during experiments. A model for the mechanical response of wires to drawing
forces developed analogous to tensile testing machines and verified by the setup
of the dieless wire drawing machine. A thermomechanical model for the behaviour of locally heated wires in response to mechanical load, which represent a
model for the dieless wire drawing process, is verified by the setup of the dieless
wire drawing prototype.
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4.3.1 Simulation Settings and Geometric Model
Numerically a lagrangian incremental model is used. Lagrangian incremental is
the default for the selected wizard. This type of model tends to re-mesh objects
undergoing large deformations. While useful for quickly degrading mesh qualities
in die-forming processes, re-meshing is time consuming and introduces errors
during the projection of model states onto the new mesh. DEFORM capabilities
for deformation and induction heating are used. The simulation duration is controlled by process time directly which can be adjusted to match the related experiments. The simulation resolution is also controlled by time with one step representing one tenth of a second.
The problem is localized to a radius of ten centimetres around the induction heating coil. This is a valid simplification because, primary interest lies in the temperature and deformation profile of the wire, the change of which is localized to an
unkown region in proximity to the induction heating device. This limitation enables
further simplification of the problem. Since this freely running part of the wire is
heated radially and force is applied only in drawing direction parallel to the wire’s
neutral axis, the mechanical and thermal states of the wire possess radial symmetry. The problem can thus be simplified to a two-dimensional axisymmetric
model. However, this simplification might lead to overestimations of mechanical
parameters since mechanical inefficiencies like flex and friction cannot be simulated. These systematic errors however, can subsequently be adjusted for.

Figure 16:

a) Geometric model of the induction coil and wire. b) variable mesh
density of the wire object.

The model uses seven objects seen in Figure 16 a), representing two objects in
the real process. These objects are the wire and the induction heating coil. The
heating coil is split into six stacked tori, representing the coil windings. The tori
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inherit the winding diameter and thickness of the induction heating coil. However,
another significant simplification has to be made. The induction heating coils is
made up of copper tubing with an internal flow of coolant. This system provides
the necessary cooling for high frequency heating. Modelling this kind of system,
was not possible in DEFORM 2D. This simplification has to be accounted for
while setting up the induction heating model by assuming additional power
losses. The mesh complexity of the coil objects is kept to a minimum, optimising
program performance.
The wire is modelled by a long and thin cylinder with diameter equal to the average initial diameter of the wire, determined by a series of ten measurements for
each wire spool. The object length is equal to the total amount of wire used in a
given experiment. The mesh complexity of this cylinder is made relative to the
position of the heating coil, which can be seen in Figure 16 b). The mesh is set
to be ten times finer near the wire. This is done because, modelling the entire
wire at high resolution would increase simulation time significantly and a high
resolution is wasted on a part of the wire that does not experience any deformation or heating. The heating coil is placed near the drawing end of the wire
with an overhang of 200 mm. This is done to account for thermal conduction
within the wire. Kinematics of the induction heating experiment are modelled by
assigning a constant movement equal and with inverted direction to the feeding
velocity of the process to the coil objects. This simulates movement of the wire,
without moving the wire object. This is done for performance purposes. The coil
objects contain far fewer nodes, this simplifies the calculations of the wires nodal
states and removes a potential source for numerical errors.
4.3.2 Model of Induction Heating
The model for induction heating is based on the boundary element method (BEM)
in which boundary or surface elements primarily interact with the generated electromagnetic field. The model is comprised out of tree parts, the thermal and electromagnetic material model of the wire, the electromagnetic model of the induction heating system and a model for passive convection cooling of the wire with
air. The material model is defined using the materials interface of the DEFORM
forming wizard. The material model is based on material properties. In DEFORM
mm and N are considered base units of its SI based unit system. For clarity the

Materials and Methods

Page 35

conventional SI unit system is used and all values converted accordingly. For the
thermal and electromagnetic model these are:
•

Thermal conductivity,

•

Specific heat capacity,

•

Emissivity,

•

Mass density,

•

Electrical resistivity and

•

Relative magnetic permeability.

Thermal conductivity of a given material gives the amount of heat energy conducted over the length between two points of different temperatures. For this
model, thermal conductivity is given as values for eleven temperature levels as
W/mK (see Table 1, found in the attachments). Specific heat capacity is a measure for a materials ability to store thermal energy. Specific heat capacity of pure
magnesium is given a series of nine values by temperature and can be seen in
Table 2 in J/kg°K found in the attachments. Emissivity is a measure of the thermal
radiation given off by an object relative to all other electromagnetic radiation. Materials possess an emissivity between zero and one. As this property is highly
reliant on sample specific properties, its value is determined experimentally as
0.06. Density is given at room temperature with 1.74 g/cm³ and 1.65 g/cm³ at a
temperature of 650 °C (Polmear 2000: 8), to account for thermal expansion of the
material. Electrical resistivity is an important parameter for induction heating and
in case of this model is given by Table 3 for various temperature values in nano
ohm-metres (Polmear 2000: 9). Relative magnetic permeability is the measure
for the ease at which a material can be magnetized. For pure magnesium it is set
as a constant of 1.000012 H/m (Polmear 2000: 10).
The electromagnetic model of the induction heating system is not based on material parameters. Rather it is based on the systems process parameters. Of
these, the model requires two values, the frequency of the circuit and the active
input power 𝑃𝑖 of the coil. These parameters have to be derived from the generator display. The circuit frequency is set at a constant of 13.91 GHz. The power
of the induction heating device is controlled by adjusting the relative power output
of a high frequency generator with a maximum power of 10 kW. The generator
power represents the apparent power 𝑃𝑎 of the AC circuit. As the main load is an
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inductor the reactive power of the circuit is expected be a major component of
total power. The simulation requires the active power of the induction coil. The
generator gives the ratio of active to apparent power as a value of four to six
percent, increasing with apparent power during experiments. However, running
the system without a sample near or inside the coil, the active power ratio is given
as four to five percent rising with the selected apparent power. This is the case
because some of the active power is lost to the coil and its cooling system, leaving
between zero and one percent for the active input power transferred to the wire.
This value is interpreted as the total input power of the heating coil. Since the
heating coils is represented through six objects in the simulation the input power
of each object is considered to be one-sixth of this value for the simulation model.
Unfortunately, as the generator displays only one digit, a more accurate value for
the active power ratio has to be determined experimentally. This process is discussed once necessary experimental results have been introduced in subchapter
5.2.
Convection cooling is set up through two values: the ambient temperature, which
is set to 20 °C and the convection coefficient is estimated to 10-500 W/m²K for
forced convection(Malekan et al.). Since the moving wire is defined to be fixed in
simulation and every other object is moved by the inverse feeding speed the air
around the wire must also be considered as moving with a constant velocity,
which suggests forced convection. This speed is rather low when compared to
conventional air-cooling systems so it is safe to assume that the true value for
the convection coefficient should lie in the lower ranges of the possible values.
The exact value of the convection coefficient however must be determined experimentally which is discussed in the results chapter.
4.3.3 Model of Cold Dieless Wire Drawing
With the thermal interactions of the simulation defined, attention is given towards
its mechanical behaviour. To this end a scenario is investigate in which the dieless wire drawing machine is run without any heating by the induction coil. This
purely theoretical setup is investigated as a preparation for the development of
the thermomechanical model. The mechanics of the system are controlled
through the mechanical material characteristics of the wire object and the boundary conditions assigned to the object.
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The tensile state in the virtual wire is induced through boundary conditions. The
core axis of the wire is fixed in radial direction as well as one end of the wire in
axial direction. Now a force on the wire is initialized by setting this opposite end
to have some velocity. Since tension is simulated, the drawing end of the wire
moves away from the fixed feeding end of the wire. As induction heating works
contactless the coil object does not interact mechanically with the wire.
The mechanical properties of the material model are separated into plastic and
elastic parameters. The mechanical model is set up in full for pure magnesium.
For AZ31 the plastic model is set up individually, while all other parameters are
copied from pure magnesium. Plastic parameters are: flow stress curves, the
yield model and a hardening rule. Elastic parameters are: young’s modulus, Poisson’s ratio and the thermal expansion rate for a given reference temperature.
Flow stress curves for varying strain rates and temperatures have been recorded
for pure magnesium and AZ31 as engineering stress-strain curves that are discussed under the results section. These curves need to be converted into true
stress-strain curves by applying the flowing formulas. With engineering stress 𝜎𝑛 ,
engineering strain 𝜀𝑛 , true stress 𝜎𝑡 and true strain 𝜑. The following formula for
true stress is defined(Maier et al. 2015: 1012).
𝜎𝑡 = 𝜎𝑛 (1 + 𝜀𝑛 )

(4.1)

And this one for true strain (Gooch J.W. 2007).
𝜑 = 𝑙𝑛(1 + 𝜀𝑛 )

(4.1)

This data needs to be adjusted further to comply with DEFORM formatting. The
data is entered in tabular form. First a single array of true strain values needs to
be determined for the entire series. Then, for each combination of strain rate and
temperature, experimental true stress values are matched to these strains. Since
some of these test series withstood higher levels of strain than others, a decision
must be made as to what strains are included in the model data. Specifically, the
maximum strain has to be chosen. In disfavour of maximum common strain,
which would invalidate large amounts of data, the highest individual strain is chosen as loosing experimental data would reduce the quality of the model and is
therefore inadvisable. Maximum individual strain can be considered as the maximum valid strain any individual sample achieved in a given series This does
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however cause some test series to be incomplete, as short experiment contain
no data for higher strain values. Incomplete datasets are incompatible with the
software, causing crashes in simulation. These test series therefore have to be
completed by extrapolation existing data. Data is extrapolated linearly where experimental data would drop in stress as strain continues to rise. As this behaviour
is considered invalid for true-stress-strain curves.

Figure 17:

Formatting of two select datasets of pure Mg at a strain rate of
1
10−4 𝑠

Figure 17 shows the result of this process for the example of two datasets of the
1

pure magnesium series set at a strain rate of 10−4 s. It is necessary to mention,
that unformatted tensile test results are to be interpreted only qualitatively. Quantitative interpretation requires additional formatting. Two series are visible, one
for a temperature of 2 0°C and one for a temperature of 175 °C. For each, the
unformatted datasets and its respective formatted dataset are shown. The unformatted data has two main formatting issues. The datasets are, as discussed, of
varying strain range and the data has a certain variance. Both must be eliminated
before the data can be implemented into the simulation model. The formatted
datasets visible above the raw data in a dashed line eliminate these issues.
Firstly, by reducing the resolution and forming an average over two datasets, variance can be eliminated. And by extrapolating data where the samples show a
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drop in true stress, indicating necking which is considered invalid for true stressstrain curves. However, the formatted curves still represent the unformatted dataset well.
The material yield model is based on the von Mises yield criterion which states
that yield in a given direction occurs when the stress action in parallel to this
direction exceeds the materials yield stress (Mises 1913). The hardening rule is
set to be considered isotropic. Young’s modulus is set to 44.7GPa, Poisson’s
ratio is set to 0.291 and thermal expansion is set to 29.9 µm °C (Polmear 2000:
10; González-Velázquez 2020). To validate the mechanical model, simulations
are run at drawing speeds of 10.5 mm/s and 11 mm/s, input power of 0 W, constant feeding velocity of 10 mm/s and process duration of 50 s. The resulting wire
force and diameter reduction are compared to experimental measurements. The
results of these simulations are discussed in the results chapter. These small
velocity differentials are chosen because thermal simulations suggest a drawing
length of 100 mm. Thus, a speed differential on 0.5 mm/s would represent a strain
1

rate of 5 ∗ 10−3 s . during dieless wire drawing operation. As the cold dieless wire
drawing experiments are meant to represent dieless wire drawing operation without heating the same speed differentials are chosen. It must be said however that
the drawing length of the cold dieless wire drawing experiments is much greater
as the forming process is not localized by heat. Thus, a speed differential of 0.5
mm/s does not represent a strain rate of 5 ∗ 10−3

1
s

in cold dieless wire drawing.

Instead with speed differentials of 0.5mm/s and 1mm/s and a drawing length of
900 mm, strain rates of roughly 5 ∗ 10−4

1
s

and 10−3

1
s

are achieved. These strain

rates lie well within the pre-defined boundaries of the tensile tests.
4.3.4 Model of Dieless Wire Drawing
Dieless wire drawing combines heat treatment and forming techniques to localizes deformation in a delocalized tensile state. To simulate this process the simulation model hast to compute heating, cooling, stress and strain simultaneously.
This is supported natively in the DEFORM forming wizard. Combining the material and process models of the previously discussed simulations dieless wire
drawing processes can be simulated. To enable comparison with the performed
dieless drawing experiments, the simulations aim to model the recorded process
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states. Process duration and feeding velocity are held constant at 50 s and 10
mm/s and drawing speed and generator power are varied between 10.5 mm/s to
11 mm/s and between 1 kW to 1.2 kW respectively. The material model and diameter of the wire object are also adjusted in accordance with experimental
setup. The resulting speed differentials combined with a preliminary estimate of
the drawing length (localized through heat) of 100 mm equate to strain rates of
5 ∗ 10−3

1
s

1

and 10−2 s . The fist of these strain rates was recorded in tensile tests,

while the greater strain rate could not be recorded with the available machinery.
Thus, as experiments with a drawing velocity of 11 mm/s represent an extrapolation for the model, these simulations are expected to generate imprecise results.
Said results in relation to the experiments are discussed in the results chapter.
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5 Results
In this chapter, the results of the experiments and simulations are presented. As
in the previous chapter experiments are separated into tensile tests and validation experiments. Besides experimental results the subchapter of validation results will compare and contrast simulation results to experimental results and in
doing so complete the simulation model. Finally, simulation results with implications for the behaviour of the process are presented.

5.1 Tensile Tests
The results of the tensile tests represent the experimental basis of the mechanical
material models. These are stress-strain curves for the defined range of strain
rates and temperatures. In order to discuss these result four distinct graphs are
discussed, each showing a select subset of experimental data. Each curve shows
the engineering stress calculated from measured force 𝐹 by equation 5.1.
𝜎𝑛 =

𝐹
𝐴0

(5.1)

And the engineering strain calculated from measured movement of the bearing
clamps 𝛥𝑥 by equation 5.2.
𝜀𝑛 =

𝑙0 + 𝛥𝑥
𝑙0

(5.2)
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Stress-strain curves of pure Mg wire at a strain rate of 10−3

1
𝑠

To show the influence of material temperature on the mechanical performance
graphically a subset of experimental data is selected by strain rate. Tensile tests
1

1

s

s

were performed at three strain rates: 5 ∗ 10−3 , 10−3

1

and 10−4 . To exemplify
s

1

the thermal behaviour of the entire series the median value of 10−3 s is chosen.
Figure 18 shows the measured stress-strain curves of these tensile tests. Fracture strain shows positive correlation with wire temperature up to 200 °C (above
which the relation is reversed), while ultimate tensile strength shows negative
correlation with wire temperatures for the entire series. It is interesting to note
that the decrease in ultimate tensile strength is strongest in the temperature range
up to 175 °C whereas a further increase in temperature to 225 °C show a less
distinct decrease in ultimate tensile strength. While the ultimate tensile strength
of tests performed at 175 °C lies about 20 MPa above that of the 200 °C tests,
the ultimate tensile strengths of samples drawn at 225 °C are about five mega
pascals below the value of samples drawn at 200 °C. Fracture strain also appears
to decrease with temperature for data recorded at 200 °C and 225 °C.
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Stress-strain curves of pure Mg wire at temperature of 200 °C

The second tests parameter of these experiments is strain rate. Its influence on
the mechanical performance of pure magnesium wire, can be observed by comparing stress-strain curves of different strain rates at a common temperature. At
this point it is important to note that the recorded strain rates follow a logarithmic
1

series, with the exception of 5 ∗ 10−3 s , which represents a half step in that series
necessitated by machine limitations. The graphs compiled in Figure 19 a subset
of tests performed at temperatures of 200 °C as this represents the median value
of hot temperatures. Ultimate tensile strength shows positive correlation with
strain rates. The three curves appear as approximately equidistant, with a distance of approximately 20 MPa to median strain rate samples. Fracture strain
show positive correlation of lesser significance with strain rate.
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Stress-strain curves of AZ31 wire at a strain rate of 10−3

1
𝑠

Looking at the results of similar experiments with AZ31 wire (see Figure 20)
some differences can be observed. Ultimate tensile strength shows negative
correlation with temperature for the entire series. Fracture strain shows positive
correlation with temperature up to 175 °C above which the relation is reversed.
When compared to Figure 18, the plots in Figure 20 show a significant increase
in both ultimate tensile strength as well as strain, with the ultimate tensile
strength of AZ31 wire lying between 30 and 100 % above their pure magnesium
counterparts. These increases however are not distributed linearly. Instead, the
lest significant increases are observed at the extremes. The coldest series exhibits the least significant increase in ultimate tensile strength and the hottest
series the second least significant increase in ultimate tensile strength between
materials. The most significant increases in ultimate tensile strength are observed at the intermediate temperatures with the 100 °C and 175 °C series
showing increases in ultimate tensile strength of close to 100 %. This changes
the overall shape of the graph with the 100 °C series now appearing closer to
the ambient temperature series and the three high temperature tests appearing
less grouped. Considering the fracture strain of the plots in this comparison, a
change in the overall shape of the distribution is visible. The correlative turning
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point of the relation between strain rate and temperature is more visible in these
plots occurring above 175 °C, on set of samples earlier then in Figure 18.

Figure 21:

Stress-strain curves of AZ31 wire at temperature of 200°C

Looking at the strain rate variance of the AZ31 series an interesting change between AZ31 and pure magnesium is visible. Figure 21 shows three test series of
varying strain rate for AZ31 wire recorded at 200 °C. Ultimate tensile strength
shows positive correlation with strain rate. compared to the measurements seen
in Figure 19 an increase of approximately 50 %-110 % between tests of equal
strain rate can be seen. Unlike Figure 19 the fracture strains of these plots also
correlate positively with strain rate a notable reversal of the relation when compared to pure magnesium tests.

5.2 Induction Heating Experiments
Results of the induction heating experiments are the steady state wire temperature as a function of position, shown as temperature profiles, and the wires maximum temperature. These were recorded for apparent powers of 1.0 kW, 1.2 kW,
1.4 kW and 1.6 kW. In induction heating experiments, a thermal steady state was
reached after 17 s after which the wire showed no significant change in temperature. Measurements are only done during steady state operation. It is important
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to clarify the distinction between simulated maximum temperature and experimental maximum temperature. As the simulated maximum temperature is located
within the heating coil its visual measurements is unfeasible. Instead, experimental temperature measurements are done on wire leaving the induction coil.
This is where the observable wire shows its maximum temperature. The maximum of these measurements is called maximum experimental temperature
𝑇𝑒𝑥_𝑚𝑎𝑥 .

Figure 22:

Maximum experimental temperatures of pure Mg and AZ31 wires

Some characteristics of the experimental measurements are shown in Figure 22.
Depicted are two series of five measurements of the maximum visible wire temperature. Measurements for AZ31 wire are shown in blue and in black for the
pure Mg wire. Also shown are linear regressions of these measurements. The
plots for both materials show a positive correlation with heating power. However,
the onsets of the two regressions show a significant difference of 79±33 °C. For
the recorded power settings an average numerical deviation of 44 °C was measurable. The difference in slope might be explained by errors in temperature measurements which appear to increase with heating power.
To finalise the induction heating model, experimental results must be used to
pinpoint an exact value of input power and convection coefficient. The convection
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coefficient can be estimated by fitting the model cooling rate to the experimental
cooling rate. First, temperature profiles of similar maximum temperature are generated. Then the virtual cooling rate is adjusted over several generation to fit experimental data. Thus, the convection coefficient is determined to be equal to
70±5 W/m²K. Simulation with this value show optimal validity. With the cooling
rate determined, the maximum temperature of the simulated wire can be tuned
to experimental observations by iterating input power.
The term input power found in the heating properties of model objects is interpreted as active power of the heating circuit. This value cannot be determined
with sufficient accuracy from machine inputs. This lack of information however
presents an opportunity to tune the maximum simulated temperature to the experimental temperature distribution. According to generator displays, active
power has to lie between zero and one sixth of a percent of apparent generator
power. Within this limit, values of 0.02 W to 2,7 W are plausible for input power
for apparent powers between 1.0 kW and 1.6 kW. To investigate this further, a
series of simulations with input powers in this range is set up to find an exact
numerical relation between maximum wire temperature and input power.

Figure 23:

Maximum temperature of virtual wire at a given input power

Figure 23 shows the result of this series with maximum simulated temperature on
the vertical axis and input power on the horizontal axis. The samples appear to
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follow a linear distribution. From this the relation between input power 𝑃𝑖 and
maximum experimental temperature 𝑇𝑒𝑥_𝑚𝑎𝑥 can be assumed to follow equation
(5.3).
𝑃𝑖 = 0.00422±1 ∗ 10−17 𝑇𝑒𝑥_𝑚𝑎𝑥 − 0.1437 ± 4 ∗ 10−15

(5.3)

Since pure Mg and AZ31 use the same thermal material model, the same relation
can be used to determine the maximum simulated temperature of either material.

Figure 24:

Input power by apparent power for pure Mg and AZ31

Relating these findings back to the original experiment parameters gives a relation of input power to apparent power for each material which can be seen in
Figure 24. This graph is quite similar in appearance to Figure 22 because input
power is directly related to experimental temperature. Since for all simulations
experimental maximum temperature was available, equation (5.3) is used, instead of a material specific relation between apparent power and input power, to
set up process specific models.
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5.3 Model Validation
Every simulation model must be verified and validated. Verification, on the one
hand, is the process comparing the concept of the model to the real system and
judging the model based on its completeness. Validation, on the other hand, compares measurable simulation results with experimental measurements to determine the quality of the simulation. Model conceptualization was accompanied by
continuous verification. In the following subchapter, the experimental and simulation results necessary for validation are presented. The discussion and assessment of model validity based on this data can be found in the discussion chapter.
5.3.1 Model of Induction Heating
Simulated temperature profiles are validated with experimental data by placing
experimental measurements over simulated temperature profiles.

Figure 25:

Experimental and simulated temperature profiles for experiments
with an apparent power of 1.2 kW

This process is exemplified in Figure 25, which shows the Validation process for
both materials at an apparent power setting of 1.2 kW. Here two line-graphs and
ten point-graphs with error bars are visible. The line graphs show the temperature
profiles as simulated for the calculated input power of 0.74 W for pure magnesium
wire and 0.95 W for AZ31 wire. The point graphs in turn represent the associated
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experimental values. Additionally, the position of the simulated coil is indicated
by grey shading. The simulated temperature profile is created by tabulating the
nodal temperatures and axial positions of surface nodes, mirroring the surface
temperature measurements made during the induction heating experiments. Both
measurements, experimental and virtual, are made at a steady thermal state during which the temperature profile does not change significantly. All but one experimental measurement depicted here show the same temperature as their corresponding simulation. Accuracy is lower for measurements farther from the coil.
The model has a tendency to underestimate these temperatures.
5.3.2 Model of Cold Dieless Wire Drawing
Validation of cold dieless wire drawing experiments is based on two measurements. The is-situ measurements of axial wire force, facilitated by a torque sensor
in the drawing axis of the dieless wire drawing prototype, and the measurement
of wire diameter. The wire diameter is measured before and after the experiment.
From this, diameter- and CSA-reduction are calculated.

Figure 26:

CSA-reduction by drawing velocity for pure magnesium wire drawn
cold on the dieless wire drawing machine

Figure 26 shows the CSA-reduction of pure magnesium wire drawn cold on the
dieless wire drawing prototype with a constant feeding velocity of 10 mm/s and
drawing velocities of 10.5 mm/s and 11 mm/s. Experimental measurements show
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significant error bars. Some final diameter measurements were lager than initial
diameter measurements resulting in negative CSA-reductions. No clear distinction in CSA-reduction can be made between wires drawn at 10.5 mm/s and 11
mm/s.
Simulated CSA-reduction for drawing velocities of 10.5 mm/s as are within the
margin of error given by experimental results. Simulated CSA-reductions for 11
mm/s could do not. The simulation overestimated CSA-reductions for this material and process state.

Figure 27:

CSA-reduction by drawing velocity for AZ31 wire, drawn cold on the
dieless wire drawing prototype

Figure 27 shows the CSA-reduction of AZ31 wire drawn cold on the dieless wire
drawing prototype with a constant feeding velocity of 10 mm/s and drawing velocities of 10.5 mm/s and 11 mm/s. Simulation results for this material show better
accuracy, with both datapoints falling within error boundaries of experimental
data.
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Wire force by drawing velocity for experiments and simulations

Looking the average wire force, Figure 28 shows both experimental and simulation results. Simulation results show a significant overestimation when comparted
to experimental data. This deviation lies between seven and twenty-one percent
of the experimental measurements the significance of deviations appears increase with AZ31 simulations and higher drawing velocities.
5.3.3 Model of Dieless Wire Drawing
Validation of dieless wire drawing simulations is based on the comparison of experimental and simulated data of observed CSA-reduction and wire force. These
are presented in the context of process parameter heating power and drawing
velocity.
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CSA-reductions of magnesium wire as a result of dieless wire drawing

CSA-reductions as a result of dieless wire drawing are shown in Figure 29 and
Figure 30. The process parameters of drawing velocity and apparent power are
displayed on the x-axis and in the plots colour. Experimental data is shown as
filled symbols with error bars. Simulation data is shown as empty symbols. The
point graphs are distributed around their associated drawing velocities to increase legibility. Drawing velocities are 10.5 mm/s and 11mm/s. For pure magnesium wires, results are plotted in Figure 29. Both experimental and simulation
data show less significant correlation with wire temperature, correlating more significantly with drawing velocity. CSA-reduction for pure magnesium wire CSAreduction could be validated for all but one process state. All simulated datapoints
lie within experimental error margins, except the datapoint representing wire
drawn at 11 mm/s and an apparent power of 1.2 kW. For this datapoint the model
overestimated the CSA-reduction slightly.
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CSA-reduction of AZ31 wire as a result of dieless wire drawing

Figure 30 shows final CSA-reductions of AZ31 wire dieless wire drawing. At drawing velocities of 10.5 mm/s CSA-reduction show no corelation to heating power
in experimental and simulated data. At drawing velocities 11 mm/s simulated data
show negative correlation while experimental data shows positive correlation with
increase in heating power. Bot experimental and simulated data show positive
correlation with drawing velocity with simulated data overestimating the correlation of drawing velocity and CSA-reduction. Experimental results for AZ31 wire,
displayed in Figure 30, show a smaller variance in CSA-reduction compared to
pure magnesium. Simulation results for this material show an overestimation of
CSA-reduction for both drawing velocities, with a greater difference at 11 mm/s.
Interesting to note is an apparent reversal of the correlation between CSA-reduction and heating power when comparing experimental data to simulated data. As
a result experiments performed at a heating power of 1.0 kW and a drawing velocity of 11 mm/s show very significant deviation to the associated estimations of
the model.
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c
Figure 31:

Average wire force by drawing velocity and heating power during
steady state of experiments and simulations

Figure 31 shows wire force during the experimental steady state for dieless wire
drawing experiments and their corresponding simulations, charted against drawing velocity. Apparent power is differentiated by colour, material by shape and
the source of the data is indicated by the shape’s filling. Wire force in experimental data, shows significant negative correlation with heating power and less
significant positive correlation with drawing velocity. As with previous results, wire
force is overestimated by the simulation. The influence of drawing velocity on wire
force is also overestimated. This is indicated by the wider spread of simulation
data for a given heating power. This error is more significant with AZ31 simulations
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Diameter profiles for pure Magnesium experiments and simulations

Comparing experimental and simulation diameter reductions, Figure 32 overlays
diameter profiles of both datasets for the pure magnesium series. As line graphs
we see the simulated data. Experimental data is shown as point graphs with error
bars. Heating power of the experiments is indicated by the graphs colour and
drawing velocity by the point graphs shape and the line graphs dotting. All experiments were performed with wire from the same spool, with the exception of samples with a drawing velocity of 11 mm/s and an apparent power of 1.2 kW. These
samples were taken from a different spool with a smaller initial diameter. On the
very left the unheated magnesium wire with diameters close to initial wire diameter can be seen. Notice that all measurements of the unheated wire segments
show some diameter reduction. The diameter reduction of the unheated wire decreases with rising heating power and increase with drawing velocity.
The next section of note begins at the initial position of the heating coil at around
200 mm. Here, a growing reduction of wire diameter can be seen. This transient
state is visible in all simulated and some experimental data. The width of the
transient state changes between simulations, it is negatively correlated with increases in both heating power and drawing velocity.
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The last section of the diagram is to the right and represent the steady state operation of the machine, signified by a plateau of diameter measurements. In simulation data a slight rise in diameters can be observed at the end of this steady
state. This is an artifact of the heating coil. These measurements were made on
hot wire, its diameter therefore is influenced by thermal expansion. The level of
final diameter reduction during steady state operation appears as primarily dependant on the drawing velocity showing an insignificant correlation with heating
power.

Figure 33:

Diameter profiles for AZ31 experiments and simulations

Figure 33 shows the diameter profiles for AZ31 wire. The three zones discussed
for Figure 32 are more distinct in this image. The six simulated curves are stacked
for the unheated part of the wire, they separate during the transient state of the
process and settle at two levels. One level at around 0.94 mm for wire draw at
10.5 mm/s and another for wire drawn at 11mm/s a approximately 0.92 mm. For
drawing velocities of 11 mm/s transient and steady state are located further to
the left of the image than for drawing velocities of 10.5 mm/s.
The first stark difference between Figure 32 and Figure 33 is in the error bars,
which for pure magnesium are more significant. Simulated diameter profiles for
AZ31 wire are more closely grouped compared to Figure 32. Besides this, similarities between both figures are visible. The diameter of the unheated wire was
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reduced from an initial diameter of 0.9634 mm to diameters below 0.96 mm. The
width of the transient diameter reduction appears governed by drawing velocity
and heating power. And the level of final diameter reduction is highly dependent
on drawing velocity and invariant of heating power. However, a significant deviation between experimental and simulation results is visible in this graph. One set
of simulated data lies distinct from its corresponding experimental dataset. Experiments with a drawing velocity of 11 mm/s and an apparent heating power of
1.0 kW clearly show less diameter reduction compared to the other experiments
done at drawing velocities of 11mm/s. The simulated data does not suggest such
a distinction. Why the model cannot simulate this behaviour is explained in the
discussion chapter.

Figure 34:

Simulated nodal strain rate and velocity profiles for AZ31 wire at
1.0kW apparent power and 11mm/s drawing velocity

Figure 34 shows the nodal strain rate on a logarithmic scale and velocity on a
linear scale by wire position, for AZ31wire drawn at an apparent heating power
of 1.0 kW and a drawing velocity is of 11 mm/s. The coil position is indicated by
a shaded area and the maximum strain rate of underlying tensile tests is indicated
by a reference line. Data was recorded at steady state operation for a single simulation. For the strain rate graph, nominal strain rates are localized to an area of
50-80 mm around the heating coil. Additionally, strain rate in this area is not
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constant and its maximum value of 2.5 ∗ 10−2 𝑠 lies well above the maximum
strain rate of the underlying tensile tests. Also, interesting to note is a hike in
1

strain rate at a level of 10−3 𝑠 . An artifact of the simulations output resolution is
visible on the left side of the strain rate curve. Here the plots is stepped. Finally,
it is visible that the wire accelerates in this area from feeding velocity to slightly
more than drawing velocity.
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Discussion

In this chapter, the experimental and simulation results found in chapter 5 are discussed. Findings are related to literature on the thermomechanical behaviour of
magnesium. Based on these results model validity is discussed. Finally, simulation
results are used to determine a drawing length for the dieless drawing process.

6.1 Tensile Tests
Results of tensile tests show a negative correlation between ultimate stress and
increasing temperature. This is in line with established literature, as introducing heat
to the material enables additional slip and twining systems, crystalline recovery and,
most importantly, dynamic recrystallization. These mechanisms aid in deformation
of the material, lowering the ultimate tensile strength. As heat increases further, at
some point the velocity of this weakening effect lessens. This can be seen in Figure
18. As discussed in Chapter 2.4, once wire temperature rises above 200 °C, most
slip and twinning mechanisms are considered active at stresses above 30 MPa.
Thus, additional heat causes less reduction in material strength. For the strain rate
variance seen in Figure 19, a linear increase of ultimate tensile strength for a logarithmic increase in strain rate is consistent with FIGUEIREDO (see Figure 8).
For AZ31 wire samples drawn at intermediate temperatures of 100 °C up to 200 °C
show greater increases in strength than pure magnesium. To explain this behaviour
the work NIE et al. (Nie et al. 2020) is invaluable. Figure 11, which contains the
thermal behaviour of CRSS for different slip mechanisms of aluminium alloyed magnesium, shows a plateau for the CRSS reduction of pyramidal slip and a slowing the
activation of compressive twinning. As thermal weakening is slowed the material
strength at this temperature remains high. However, for the presented Mg-Al single
crystals this effect is present at temperatures above 250 °C. It is reasonable to assume, that this effect might work differently for AZ31, which might explain why it
already seems to be lesser for samples tested at 200 °C and 225 °C.
Observations on fracture strain are curious. The relation between strain rate and
fracture strain shown for room temperature by FIGUEIREDO appears to be inverted
at 200 °C for pure magnesium. Where FIGUEIREDO shows a positive correlation between stain rate and fracture strain for strain rates of 10−4

1
𝑠

1

and 10−3 𝑠 . With 10−4

1
𝑠
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showing a lower fracture strain than 10−3 𝑠 . Tensile test performed at 200 °C show
a negative correlation of the two. Strain rate dependence of the material appears to
vary with temperature, highlighting the need for investigation of strain rate dependence at multiple temperatures for correctly describing the thermomechanical behaviour of the material.

6.2 Induction Heating Experiments
The influence of alloy specific induction heating behaviour was initially underestimated. While a material specific heating behaviour could be expected, a difference
of almost 50 °C between pure magnesium and AZ31, which possesses less than 5
% alloying elements in weight, is unfortunate and must be accounted for when implementing novel magnesium alloys. As induction heating relies on ohmic resistance
to generate heat, electrical material properties, especially electrical resistance, are
of greater importance for this setup of a dieless wire drawing machine. Therefore,
for future models of different magnesium alloys, an initial experimental series determining the materials apparent thermal response is recommended. Subsequently the
thermal model can be set to the desired maximum temperature using equation (5.3),
found in the results chapter. Cooling rate and therefor the convection coefficient did
not exhibit any material dependencies between pure magnesium and AZ31 wire.
However, where the setup to change location, or the location to change climate, the
convection coefficient would have to be adjusted.

6.3 Model Validity
In this subchapter interesting observations made in subchapter 5.2 are discussed
and interpreted. Subsequently model validity is judged. And based on simulation
results an informed estimation of the drawing length is made.
Thermal Model
All in all, validation of the thermal model shows good results. By finding loosely defined ‘wiggle factors’ in the active power ratio of the induction heating setup and the
convection coefficient, the temperature profile of the modelled wire could be closely
tuned to fit experimental results. For the entire set of induction heating experiments,
36 out of 40 averages of the measurement zones confirm simulation results.
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However, the four invalid measurements are not distributed evenly. Three fourths of
measurements that do not confirm estimations by the simulation model, are done at
the measurement zone furthest from the induction coil and show higher temperatures estimated than the model. This quantitative invalidity, thus is associated with
a qualitative invalidity that is potentially more severe. Experimental measurements
show a trend distinct from the model. Experimental cooling rate appears lower than
modelled cooling rate. A better fit might be achieved by readjusting convection coefficient and input power relations. Because the thermal model was primarily validated by maximum experimental temperature, estimations of positional wire temperature are more valid around the location of maximum experimental temperature.
Validation is further limited by the scope of the measurements. Measurements were
done over a length of approximately 29mm. To validate the temperature profile of
the entire wire additional measurements would be necessary.
Mechanical Model
The validation of the mechanical model was plagued by a high variance in diameter
measurements for magnesium samples. The magnesium wire used in this work,
showed discolouration and uncertainty in diameter measurements even in ‘as extruded’ form. Additionally, given system limitations, the maximum strain rate of underlying tensile test was limited. Simulations at a strain rate of 5 ∗ 10−3
up to 10−4

1
s

1
s

and below,

, are directly supported by experimental data. Any strain rate outside of

this range represents an extrapolation for the simulation model, reducing simulation
quality. For the cold dieless drawing experiments as the drawing length is equal to
the entire 1 m of running wire, strain rates are calculated to be equal to 5 ∗ 10−4

1
s

1

and 10−3 s for drawing speeds of 10.5 mm/s and 11 mm/s respectively. Cold dieless
wire drawing simulations are thus all supported by experimental data and good estimation should be possible.
Results show good validity for estimations of CSA-reduction of pure magnesium
wires. Experimental diameter reductions of AZ31 wire lie consistently below model
estimations. The model is therefore not valid for AZ31 diameter estimations as a
result of cold dieless drawing. However, since the model overestimation in this regard is reliable (showing little variance), the error is of systematic nature. Measurements can be made valid by adjusting for systematic errors.
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Furthermore, simulated wire forces consistently lie above measured wire forces.
This issue might be rooted in one or more uncertainties associated with the model
and the machine. First, were the model to underestimates wire temperature (which
it likely does for measurements outside the recorded wire length, see 6.2), wire force
would be simulated at a higher level but diameter reductions would be largely unaffected. The significance of this error is unknown. Secondly, potential flexibilities or
friction losses in rollers, the coiled wire and wire spools are not represented in simulation. All of these factors might reduce the wire force as calculated by the wire
drawing prototype but cannot affect the simulated wire force. While wire forces are
invalid, they are reliable. This again, leaves room to improve model validity by adjusting results for systematic error.
Thermo-Mechanical Model
The observed reliance of mechanical material behaviour on temperature and strain
rate are in line with established research (Fritz 2018; Figueiredo et al. 2016; Nie et
al. 2020; Wang et al. 2021). Experiments show that heating power primarily influences the steady state force and the duration of the transient state while strain rate
primarily determines the final CSA-reduction. To explain this, it is best to talk about
the effects of process parameter. The difference in feeding and drawing velocity
causes strain in the wire. If the wire resists this strain and does not increase in
length, wire force increases over time. Heating power increases the maximum temperature of the wire. Rising wire temperature reduces the wires strength and increase ductility. As ductility increases the wire continues to strain, increasing in
length. When all additional strain results in lengthening of the wire, forces plateau.
This is the mechanical steady state of the system. Increases in wire length correlate
with reductions in diameter. As the localized temperature of the wire increases, as
a result of local heating, strain is localized in the heated stretching zone. Thus, strain
rate directly affects the CSA-reduction of experiments with set duration and heating
power primarily affects the level of the force-strain equilibrium, with additional heating power reducing the forces present during steady state operation.
Simulated CSA-reductions for pure magnesium wire lie within experimental meas1

urements for strain rates of 5 ∗ 10−3 𝑠 . Simulated diameters for strain rates of 10−2

1
𝑠

show minor deviation to, or coincide with experimental data. Reduced quality for
these estimates is plausible, as this strain rate represent an extrapolation of

Conclusion and Outlook

Seite 64

underlying tensile test data, reducing simulation quality. Simulated diameters for the
AZ31 wire show more significant deviations. Simulations for strain rates of 5 ∗ 10−3
lie close to experimental data while simulations for 10−2

1
𝑠

1
𝑠

show more significant

deviation and those with an apparent power of 1.0 kW show very significant deviation. A general uncertainty can be assigned to the AZ31 material model as it is only
partially supported by alloy specific data, relying in large parts on pure magnesium
data. While an increase in predictive error is expected for greater simulated drawing
speeds, because of the extrapolative nature of these simulations, the significant error of the 11 mm/s at 1.0 kW has to be discussed separately. As this dataset represent the coldest experiments of the AZ31 series, a change in material behaviour
that could not be recorded by tensile tests is the most likely explanation. As drawing
velocities of 11mm/s in their totality represent extrapolations, the material behaviour
at this specific combination of drawing velocity and temperature must also be ex1

trapolated from data generated at strain rates of 5 ∗ 10−3 𝑠 and temperatures of 175
°C and 200 °C. It is plausible that especially for this temperature level of roughly 190
°C, AZ31 shows particular strength. This again is supported by NIE et al. who recorded a hike in material strength for Mg-Al crystals at 100-250 °C (see Figure 11)
Looking at steady state forces by apparent heating power (see Figure 31:
Average wire force by drawing velocity and heating power during steady state
of experiments and simulationsFigure 31), significant systematic error is once again
visible for simulation data. Compounding the base offset of wire force estimations,
already discussed for the purely mechanical model, the model overestimates the
influence of drawing velocity on wire force. This error is more significant for AZ31
wire. While drawing velocity only ha miniscule effect on experimental wire force of
both materials, simulations for pure magnesium wire show small middling increase
with drawing velocity and simulations for AZ31 wire show significant increase with
drawing velocity. The influence of heating power on wire force
The simulated diameter profiles show miniscule reductions in diameter in unheated
segments of the wire. This is inconsistent with established literature of dieless wire
drawing. Which assumes that the diameter reduction of the wire is entirely located
to the heated wire. This is true for steady state operation, however for this setup a
transient state precedes steady state operation. During the early stages of the transient state, the entire wire must compensate the velocity difference between feeding
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and drawing side. Thus, the whole wire, heated or not, lengthens and contracts. The
amount of this transient state deformation of the unheated wire is reliant on the duration of the transient state and the total amount of strain generated during the transient state. The strain can be controlled by the drawing velocity differential during
the transient state. The duration of the transient state can be controlled by apparent
heating power. With greater heating power, sufficient localisation of the deformation
can be achieved more quickly.
Strain rate profiles recorded at apparent power of 1.0 kW and drawing velocity of 11
mm/s suggest that during steady state operation, the deformation is highly localized
to the plastic zone. Thus, an estimate for the length of the plastic zone can be made,
depending on the minimal value of strain rate that is considered significant deformation, 80-160 mm of wire are deforming plastically at any given time. Comparing
these measurements with measurements take at a temperature of 270 °C, the
length of the plastic zone remained constant. The strain rate profile shows some
interesting artifact from tensile data. For example, the curve shows an unsteadiness
1

at a strain rate of 10−3 𝑠 . As tensile tests performed at this strain rate form the basis
of the mechanical material model, a hike at this very point suggest an unsteadiness
in experimental stress-strain curves. Additionally, the plastic zone does not start at
the end of the heating zone, rather localized plastic deformation takes place as soon
as a wire segment is heated even by small amounts.
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7 Conclusion and Outlook
In this thesis a numerical simulation model for dieless wire drawing of selected magnesium wires, was developed. The model was validated with dieless wire drawing
experiments with 1 mm diameter samples, drawn at feeding velocities of 10 mm/s
with varying drawing velocities and heating power levels. Models for pure magnesium and AZ31 wire were developed from literature on material properties as well
as experimental tensile tests. The model of the process is based on the process
parameters and dimensions of the machine and wire samples.
Model validation was used to assess the individual quality of simulated output parameters. These are wire temperature, CSA-reduction and wire force. Simulated
temperature profiles were valid for 90 % of measurements with reduced validity at
increased distance to the heating coil. CSA reductions could be verified for pure
magnesium wire only with estimates for AZ31 wire showing slight overestimations
of CSA reductions. These overestimations show positive correlation to drawing
speeds. Wire force, while reliable, was significantly overestimated by the model for
both materials. Wire force of AZ31 experiments was overestimated to a great degree. Additionally, the error grows with temperature and drawing speed. Since full
validity of all measurable output parameters could not be achieved, the model developed in this work is incomplete. Nonetheless the model can be used to observe
the change in state variables over space and time. For example, by analysing simulated strain rate profiles an estimate for the length of the stretching zone could be
made.
Going forward the first priority of any subsequent work should be to address invalid
but reliable outputs of the model. For the thermal model this means, increasing the
measuring length, generating additional data on the wires cooling behaviour. For
the mechanical model the systematic error of outputs needs to be determined and
adjusted for. Furthermore, additional tensile test at higher strain rates would improve
model performance. Thus, more outputs of the model could be made valid.
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Figure 35: Tensile tests of pure magnesium wire, temperature of 20°C

Figure 36: Tensile tests of pure magnesium wire, temperature of 100°C
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Figure 37: Tensile tests of pure magnesium wire, temperature of 175°C

Figure 38: Tensile Tests of pure magnesium wire, temperature of 200°C
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Figure 39: Tensile tests of pure magnesium wire, temperature of 225°C

Figure 40: Tensile tests of AZ31 wire, temperature of 20°C
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Figure 41: Tensile tests of AZ31 wire, temperature of 100°C

Figure 42: Tensile tests of AZ31 wire, temperature of 175°C

Seite 70

Attachment

Figure 43: Tensile tests of AZ31 wire, temperature of 200°C

Figure 44: Tensile tests of AZ31 wire, temperature of 225°C
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Figure 45: Tensile tests of pure magnesium wire, strain rate of 10e-3/s

Figure 46: Tensile tests of AZ31 wire, strain rate of 10e-3/s
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Figure 47: Temperature profiles, apparent power of 1.0kW

Figure 48: Temperature profiles, apparent power of 1.2kW
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Figure 49: Temperature profiles, apparent power of 1.4kW

Figure 50: Temperature profiles, apparent power of 1.6kW
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Figure 51: Final diameter by drawing velocity, pure magnesium wire

Figure 52: Final diameter by drawing velocity, AZ31 wire
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Figure 53: Wire force by drawing velocity

Figure 54: CSA reduction by drawing velocity for pure magnesium wires
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Figure 55: CSA reduction by drawing force of AZ31 wires

Figure 56: Experimental wire forces by drawing velocity
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Figure 57: Experimental and simulated wire forces by drawing velocity
Table 1: Thermal conductivity of pure magnesium (Polmear 2000: 10)
Temperature

Thermal conductivity

[°C]

[W/m K]

0

155.7

20

155.3

38

154.5

93

154.1

149

153.7

204

153.2

260

152.8

316

152.8

371

153.7

427

154.1

482

154.9
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Table 2: Specific heat capacity of pure magnesium (Polmear 2000: 10)
Temperature

Specific Heat Capacity

[°C]

[kJ/kg K]

0

1.009

20

1.025

100

1.034

200

1.097

300

1-15

400

1.186

500

1.23

600

1.275

650(solid)

1.35

Table 3: Electrical resistivity of pure magnesium (Kammer 2000: 89)
Temperature

Electrical resistivity

[°C]

[nΩ m]

0

41.0

20

44.5

38

47.5

93

56.3

149

65.4

204

74.5

260

83.6
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Temperature

Electrical resistivity

[°C]

[nΩ m]

316

92.8

371

101.9

427

111.1

482

120.3

538

129.8

593

139.5

650

153.5
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