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Resumen 

Este Proyecto es una continuación del trabajo realizado anteriormente sobre la creación de 

una impresora metálica 3D basada en una tecnología de extrusión utilizando las propriedades 

tixotrópicas del estado semisólido de algunas aleaciones metálicas. Partiendo de un diseño del extrusor 

era necesario establecer e implementar el sistema de calentamiento. El calentamiento por inducción 

es la tecnología de calentamiento con la mejor eficiencia actualmente en el mercado que combina 

velocidad y precisión para el calentamiento de material conductor. Esta tecnología necesita el uso de 

inductores que crean corrientes inducidas dentro el material lo cual resulta en un aumento de la 

temperatura debido al efecto Joule. La geometría del inductor tiene un papel importante en el tiempo 

de calentamiento y en la homogeneización de la temperatura dentro el material. Para el diseño del 

inductor se realizaron simulaciones numéricas que fueron validadas experimentalmente. Las 

simulaciones se llevaron a cabo en el programa de simulación por elementos finitos DEFORM® v.11 

con el fin de definir la geometría que permite obtener el calentamiento más homogéneo posible para 

alcanzar el estado semisólido de la aleación de aluminio. Las simulaciones han permitido visualizar la 

repartición de la temperatura al interior del material del extrusor y así entender cómo la geometría del 

inductor y la intensidad del corriente influye en el calentamiento permitiendo diseñar el sistema de 

calentamiento por inducción.   
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Resum 

Aquest Projecte és una continuació de la feina feta anteriorment sobre la creació d'una 

impressora metàl·lica 3D basada en una tecnologia d'extrusió utilitzant les proprietats tixotròpiques de 

l'estat semisòlid d'alguns aliatges metàl·lics. Partint d'un disseny de l'extrusor era necessari establir i 

implementar el sistema d'escalfament. L'escalfament per inducció és la tecnologia d'escalfament amb 

la millor eficiència actualment al mercat que combina velocitat i precisió per a l'escalfament de material 

conductor. Aquesta tecnologia necessita l'ús d'inductors que creen corrents induïts dins el material la 

qual cosa resulta en un augment de la temperatura a causa de l'efecte Joule. La geometria de l'inductor 

té un paper important en el temps d'escalfament i en l'homogeneïtzació de la temperatura dins el 

material. Per al disseny de l'inductor es van realitzar simulacions numèriques que van ser validades 

experimentalment. Les simulacions es van dur a terme en el programa de simulació per elements finits 

DEFORM® v.11 per tal de definir la geometria que permet obtenir l'escalfament més homogeni 

possible per aconseguir l'estat semisòlid de l'aliatge d'alumini. Les simulacions han permès visualitzar 

la repartició de la temperatura a l'interior del material de l'extrusor i així entendre com la geometria 

de l'inductor i la intensitat de corrent influencia l'escalfament permetent dissenyar el sistema 

d'escalfament per inducció. 
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Abstract 

This project follows up on the work carried out previously on the creation of a 3D metal printer 

based on extrusion technology using thixotropic properties of some metal alloys. Starting from the 

extruder design, it was necessary to establish and implement the heating system. Induction heating is 

the heating technology with the best efficiency currently on the market that combines speed and 

precision for the heating of conductive material. This technology requires the use of inductors that 

create induced currents within the material resulting in a temperature increase due to the Joule effect. 

The geometry of the inductor plays an important role in the heating time, as well as in the 

homogenisation of the temperature inside the material. For the design of the inductor, numerical 

simulations were performed and validated experimentally. The simulations were carried out in the 

finite element simulation program DEFORM® v.11 in order to define the geometry that allows to obtain 

the most homogeneous possible heating to reach the semi-solid state of the aluminium alloy. The 

simulations have made it possible to visualise the temperature distribution inside the extruder material 

and thus to understand how the inductor geometry and the current intensity influence the heating, 

allowing the design of the induction heating system.   
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1. Preface  

1.1. Origin of the work 

Additive Manufacturing (AM) refers to all the fabrications processes which create a 3D part by 

addition of material layer by layer. In the past years, several technologies were developed for metal 

applications. Most of them use powder technologies which use a high-energy laser to sinter metallic 

powder together. The disadvantages are that these technologies require expensive equipment, they 

are hazardous because they imply the manipulation of metallic powder and only limited size parts can 

be printed. This is why studies have been carried out on another technology based on direct metal 

extrusion that can print a metal alloy thanks to the semi-solid state in order to be able to reduce costs 

of metal printing, as well as to propose an alternative to the use of powders. Previous project in the 

PROCOMAME (Metallic Materials Forming Processes) research group has led to the design and 

creation of a 3D metallic printer, as well as the selection of aluminium alloys suitable for this system. 

However, before being able to start printing tests, a heating system needs to be implemented in the 

existing system.  

1.2. Motivation 

The progress in the development of the 3D metal printer is highly dependent on the heating 

system to be implemented. This is particularly important when the material to be extruded in the 

printer needs to reach the semi-solid state, since the temperature has to be homogeneous and 

precisely controlled. It is therefore important to focus on how all the heating systems can be set up 

with the aim of reaching quickly the semi-solid-state temperature homogenously.    

1.3. Pre-requisites  

The heating system will have to be designed on the basis of the existing extruder geometry. 

Furthermore, the heating system will be developed with the equipment already present in the 

laboratory and must be adapted to it.  
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2. Introduction 

2.1. Aims of the work 

The main aim of this final master’s work is to develop the heating systems based on the induction 

heating technology in order to start printing tests with an extruder designed in previous projects. 

The development consists basically on the design of an inductor and definition of the ideal 

induction heating parameters for homogeneous and fast heating. The induction heating physics 

need to be studied upstream of any experimentation in order to fully understand the 

phenomenon and interpret the results correctly.  

The specific objectives of this final master’s work are: 

• To perform simulations using the finite elements simulation software DEFORM® to 

understand the relationship between induction heating parameters, such as current intensity, 

frequency and inductor geometry, on the heating profile of simple geometries 

• To experimentally verify the results of the simulations to set a reliable simulation procedure 

• To use DEFORM® to simulate the heating procedure of the extrusion head, which is the real 

geometry of interest 

• To use DEFORM® to find the suitable geometry of the inductor in order to obtain an 

homogeneous temperature throughout the extrusion head 

• To experimentally validate the geometry of the inductor designed using finite element 

simulations 

 

2.2. Scope of work 

The use of numerical simulation tools with experimental validation will be used for the design 

of an inductor which permit to heat the aluminium in a homogeneous way inside the extruder body. 
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3. State of the art  

3.1. Additive metal manufacturing  

Basics of additive manufacturing  

Additive manufacturing or 3D printing refers to the manufacturing process of bulk parts by 

successive stacking of layers or agglomeration of material [Erreur ! Source du renvoi introuvable.]. 

As can be seen in figure 1, there are 7 distinct steps in order to create a part, before his application, 

which are: 

1- The computer-aided design (CAD) 

The first step of additive manufacturing is the design a solid part in 3D with a specific 

shape. To generate this geometry, a CAD software can be use that will use a user interface 

to obtain the shape. Another way is to use a captor that will replicate in software the shape 

of an existing part. 

2- STL conversion 

This step consists in the conversion of the CAD 3D model in an assembly of small elements 

such as triangle and create an STL file that can be interpreted by the 3D printer. 

3- File transfer to machine 

Each constructor of 3D printer uses their own software to see the part before printing. It 

allows the user to apply changes and to manage the size of the part, among other 

functionalities. Some support structures can be also added in order to print a part with a 

complex shape. 

4- Machine Setup 

The machine setup is one of the most important steps to obtain a high-resolution part with 

good mechanical properties. Here the user needs to adapt the printing parameters to the 

material being printed. In the case of extrusion systems, theses parameters include the 

temperature and speed of the extrusion head, the temperature of the subtract, the 

distance between the head and the subtract, extrusion nozzle diameter, among others. 

5- Part building-up 

The 3D printer converts the STL file in a succession of displacements along the 3 axes to 

print layer by layer the geometry designed during the CAD step. This step only stops when 

the final part is finished or the user stops it intentionally.  

6- Removal 

After printing, the part needs to be removed from the substrate. This action can be critical 

if wrong parameters are taken during the 4th step. Indeed, the part may adhere too much 
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to the substrate and create defects in the part. In the case of printing systems that use 

powder, additional steps and extreme caution are needed to avoid material loss and 

health problems due to particle inspiration. 

7- Post-processing 

The post-processing step can be very different according to the technology of the printer. 

In some cases, no post-process will be needed or just a support removal. In the case of 

stereolithography systems, for example, the post-treatment can be chemical and for 

powder systems technologies it can involve heat treatment before obtaining the final part. 

It is important to take in count the different post-processing operations needed in order 

to obtain the final part because they involve time and increase the overall production 

costs. 

8- The final part is finally ready for its application. 

 

 
Figure 1: The 8 stages of additive manufacturing [13] 
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History of the additive manufacturing 

The first apparition of the additive manufacturing technology was in the 1980s with the 

stereolithography initiated by Charles W.Hull [3] and was first commercialized in 1987 by 3D systems 

with a technique named SL [2]. This process of fabrication consists of a layer of ultraviolet light-sensitive 

polymer that will be solidified by using a laser and the 3D part is created by the successive stacking 

layers. The first 3D printer of history and precursor of this technology was born: the SLA-1 [2]. After the 

commercialization of the SL in the U.S., the Japanese companies NTT Data CMET and Sony/D-MEC 

commercialized their own version of stereolithography called respectively Solid Object Ultraviolet 

Plotter (SOUP) and Solid Creation System (SCS). Another innovation was made with the development 

of new plastic such as the first epoxy resin for the SL technology in 1988 or visible light visible resin in 

1990 [2]. 

In 1991, other AM technologies were commercialized like fused deposition modelling (FDM) 

for thermoplastic [2] which is the most common 3D printing method nowadays [4]. This technique 

consists of the extrusion of fused material through an extrusion nozzle in order to obtain a filament of 

fused material. The nozzle, the base or both can translate in x, y, z and allow the creation of a layer of 

material. By successive stacking of layers, the final part will be obtained [4]. Another technology born 

in 1991 is the solid ground curing (SGC), which uses the same basics of the stereolithography with the 

use of a UV-light sensitive polymer but in this case, a full layer of resin will be solidifying thanks to the 

use of UV mask [2]. And finally, the laminates object manufacturing (LOM) which consist of bonded 

and cut sheet material using a guided laser [2].   

In 1992, a new technology was created: Selective Laser Sintering (SLS), developed by DTM. This 

technology uses heat from a laser to fuse powder materials such as Nylon or polyamide powder [5]. 

The same year Denken introduced a SL system that uses a solid-state laser which contributes to create 

SL machine at a low price in comparison with the other existing systems [2].  In 1994, the first plain-

paper 3D printer was created by the Japanese company Kira Corp called Solid Center and used a knife 

to produce wood-like models by paper lamination [2]. 

 During the 1990s decade, several improvements were made for each technology to have a 

better quality of printing, to print faster and at a lower cost. In April 2000, new 3D printers were 

available in the market like Quada, a 3D inkjet printer that uses a photopolymer and a UV light source 

to create parts or PatternMaster, a machine that creates precision patterns. At the same time, 

Precision Optical Manufacturing (POM) announced Direct Metal Deposition (DMD) and started to sell 

this system in early 2002. This technique consists of a laser which melts metal powder to create and 

repair metallic parts. The first multicolor polymer 3D printer was introduced the same month. During 

the month of July 2000, a system that produces parts in ABS by the FDM technique was placed in the 

market [2]. 
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In 2001, a French company named OptoForm created a new technology of stereolithography 

using non-liquid photocurable materials capable of containing ceramics, metals and composite 

materials [2]. The same year, a new system was developed by Generis GmbH in Germany, useing an 

inkjet-printing technique to fuse sand in order to produce sand cores and molds for metal casting. Also 

that year, a German company introduced a new system that combines laser sintering, laser marking 

and laser machining with the use of stainless-steel powder and an yttrium-aluminium-garnet (YAG) 

laser to produce fully dense parts [2]. 

In 2003 the 3D printing technology was still very expensive. To give an example, the 3D 

Systems InVision 3D printer, a high precision stereolithography system, was sold for $39.900. The 

cheapest version of 3D printer like the Wizary stereolithography cost the modest price of $10.000 and 

the most expensive one like the FDM Vantage machine cost between $99.000 to $195.000 [2].  

The past years, a lot of new patent applications were made (figure 2) and can be explained 

with the development of personal 3D printers and the accessibility of computer aided design software 

(CAD). The low-cost of the new FDM systems and their easy manipulation allowed the customers to 

create parts for leisure or personal use. For the industry, 3D printing contributes to create parts with 

shape difficult to obtain by other processes of fabrication. With this technology, it is possible to easily 

print a low-cost part with no need to fabricate molds for their production.  

 
Figure 2: evolution of 3D printing patent applications per years (2019) 
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Metal 3D printing 

In the case of metal, the high melting temperatures, when compared to polymers, make most 

of the techniques presented in the previous section, like stereolithography, non-useable. Because of 

the temperatures needed to melt most metals, a high-energy source is often needed and the 

alternatives to obtain 3D metal parts require post-processing treatments. 

Powder Bed Fusion (PBF) technologies, which include Selective Laser Sintering (SLS) are the 

most popular technologies used to create 3D metal parts. In this case, a high energy source, such as a 

laser, weld the particles of the metal powder contained in a chamber, layer by layer, in order to obtain 

the 3D part. After printing, post treatment may be needed to have the final part with the best 

mechanical properties. The problem of this technology is that a high quantity of powder will not be 

used during the printing and its quality can be affected by the thermal gradients undergone at each 

point.  

  
Figure 3: Selective laser sintering process [Erreur ! Source du renvoi introuvable.] 

 

The Direct Energy Deposition (DED) process is a very similar technology to PBF with the 

difference that the laser or the electron beam melts a wire or powder from a metal feeder, which 

delivers the exact amount of material needed, directly on a substrate.   
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Figure 4: Direct energy deposition [8] 

 Binder jetting is a technology that uses metal powder but no laser. A layer of powder is 

agglomerated with the use of a polymeric binder which is deposited drop by drop, as in a standard 2D 

printer. This technology permits to have a high production speed and mass production. However, a 

post treatment will be need to obtain a 100% metal part. 

 
Figure 5: Blinder Jetting [9] 

  

The additive lamination can also be used to print metal parts. Metal sheets are printed and 

assembled together to obtain the final part. Another way is first to assemble the layer and after cut 

them with the desire shape. 
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Figure 6: Additive lamination [10] 

And finally, all the technologies based on the extrusion system. This system uses a filament of 

material with pseudo-plastic proprieties which flows through an extrusion head. A mobile subtracts 

and/or a mobile head contribute to print layer by layer a 3D part. For the case of metals, which have 

high melting temperatures, some alternatives have been developed. One of these consist of the use of 

a polymer filled with metallic particles. Thanks to the pseudo-plastic proprieties of the polymer at 

temperatures in the range of200-300°C, the systems is able to create the 3D part. In order to obtain 

the 100% metal final part, debinding (removal of the polymeric binder) and sintering stages are 

required. The problem of this system is that a huge volume contraction will occur during the sintering, 

which has to be taken in count during the design of the part. Furthermore, the elimination of the 

polymer imposes a maximum thickness in order to obtain good proprieties.          

 
Figure 7: Material extrusion systems [11] 
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Figure 8 shows that the market was dominate in 2019 by metal powder technologies at 54% and 

followed by binder jetting technologies. The inconvenient of these systems are their price and the fact 

some different steps are needed to obtain the final metal part.  

 
Figure 8: Metal 3D printer market (2019) [12] 

As has been seen before, at this moment, the PBF and DED technologies are the ones able to 

print 100% metallic 3D parts without the need of post-processing. The main goal of this TFM is to 

contribute to the development of a 3D metallic printer that will be able to print 100% metallic 3D parts 

at the lowest possible cost and without involving any post treatment.  

The system will be inspired in material extrusion technologies and will be fed with metal bars. 

The problem of metal, in opposition to polymers, is that they don’t have a glass transition temperature 

that will give them pseudo-plastic properties and enable the layer-by-layer forming of a 3D part. 

Furthermore, the elevated fusion temperature of most metals requires the use of materials with good 

mechanical proprieties at high temperature to build the extruder body and the heating systems will 

need to heat the extrusion head quickly to a high temperature.  Oxidation of metal can pose a problem 

too because it may influence the adhesion between layer and, as result, the final part will not have 

good properties. Finally, it will be important to find a good ratio between the viscosity of the metal and 

the rate of solidification in order to be able to build the part layer by layer.  
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3.2. Semi-solid state  

To be able to form of a part by 3D printing, the metal properties need to be chosen to match 

the layer-by-layer process. This involves to have a certain viscosity such as a layer can be print but there 

is no spread of material. The semi-solid state of metal can respond to this problematic because of the 

thixotropic properties of certain alloys. Indeed, the semi-solid state correspond to the coexistence of a 

solid and liquid phase. These phenomena can be observed in all metallic alloys as long as at least 2 

alloying elements are involved. The grey part represented in figure 9 corresponds to the semi-solid 

state. These regions are limited by 2 distinct curves: the liquidus in red and the solidus curve in blue 

and inform about the temperature range where the solid and liquid phases co-exist for a given 

composition. If the liquid is in majority, the state will be composed of a liquid matrix with solid particle 

in suspension in it. In this case, this is calling a “slurry” composition. In opposition, if the solid is in 

majority, the metal stay in shape and this is calling a “mush” composition. The rule of the inverse 

segment enables us to calculate the proportion of each phase for a given temperature and composition 

which make possible to know if a “slurry” or “mush” metal are present. [14]    

    

 
Figure 9: Binary diagram 
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The microstructure of the solid phase will have a major impact on the properties of the semi-

solid metal. During solidification, if the thermal gradient is positive inside the liquid, according to the 

laws of thermodynamics, the solid will develop a protrusion, named dendrite, to maximized the solid-

liquid surface. The figure 10 shows the different stages of the dendritic growth for the case of the 

solidification from the melt metal. First, there is the nucleation of a solid inside the liquid with a 

spheroidal form (a). Then, a protrusion appears to maximize the surface (b) and will growth and create 

primary dendrite (c). A second protrusion can grow on the first one and so on (d).         

 

 
Figure 10: dendritic growth during solidification [15] 

 This microstructure generally happens during a non-controlled cooling and is the one that is 

mostly found in alloys at atmospheric temperature. According to the work of Luis Carlos Arias Garcia 

[14], who preceded this work on the creation of the 3D printer, it is important to avoid this dendritic 

microstructure in order to do the forming. One way to do that is to apply a high shear velocity in the 

molten metal in order to break the protrusions and obtain spherical solid particles into the liquid. 

Figure 11 shows the growth of the protrusion (a) and (b) and how the shear stress at high velocity 

DEFORMs them (c) and (d) in order to obtain the spherulite microstructure (e).   
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Figure 11: Evolution of the microstructure during solidification with a shear stress [14] 

Taking into account that the microstructure has to present spherical solid particles, the 

processing route to obtain this microstructure has to be established. As showed by the figure 9, there 

is 2 way to reach the semi solid state: from the molten metal or for the solid. Starting from the molten 

metal, the route is known as the rheocasting process. A higher temperature needs to be reached and 

the temperature will decrease inside the extruder body until the head of extrusion. A high shear 

velocity needs to be applied inside the body to break the dendritic microstructure inside the liquid. The 

figure 12 scheme represents the microstructure evolution along a basic extruder body and it can be 

observed that this solution is hardly possible to set up due to the succession of a solid, liquid and semi-

solid states which involve complicated thermal gradients. 

 
Figure 12: Microstructure along the extruder body if rheocasting is use 

- Extruder body  
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The other solution is to heat a solid until the semi-solid state, which is known as the thixotropic 

forming route. In this case, the material has to present a spheroidal microstructure before the heating 

so that when the liquid starts to appear inside the solid, the solid presents a spherical morphology. One 

of the problems of the thixotropic forming is the homogenisation of the metal and the liquid. As a 

matter of fact, thixotropic properties appear if, at any point of the metal, the solid and the liquid 

coexists. So, if during the heating most of the liquid is formed at the surface and the core of the metal 

is still solid, it will not be possible to do the forming. However, as it can be seen in figure 13, thixotropic 

forming only involves two states: the solid one and the semi-solid one which makes it an easier solution 

than the rheocasting for the current application. 

 
Figure 13: Microstructure along the extruder body if thixotropic forming is use 

  

- Extruder body  
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Selection of the alloys 

Keeping in mind the conditions needed to be able to create the metallic printer, an appropriate 

alloy has to be selected to obtain the desired thixotropic behaviour. The alloy has to present a relatively 

low solidus temperature in order to make the heating easier and to have a wider choice of material to 

fabricate the extruder body. Furthermore, the chosen alloys need to have interesting mechanical 

proprieties at atmospheric temperature for the final application of the printed 3D parts. 

Aluminium alloys can respond to this problematic. As matter of fact, pure aluminium has a 

temperature of fusion of 660°C, which is low enough to find affordable materials for the construction 

of the extruder body. Furthermore, aluminium has a very good corrosion resistance thanks to a 

passivating layer of alumina which will allow to remove post-treatment step for corrosion resistance. 

As can see in the table 1, aluminium has the density of 2.70g/cm3 which makes it one of the lighter 

metals right after magnesium. Table 2 provides information about aluminium mechanical properties 

with a modulus of elasticity of 69GPa and a shear modulus of 25GPa. Compared to other metals this 

may seem like not much but provided the low density of the metal, aluminium exhibits a really good 

compromise between lightness and resistance.   

 
Table 1: Densities of some common metals [16] 
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Table 2: Mechanical proprieties of some common metals [16] 

Figure 14 shows the metal production since the year 1930 and aluminium is one of the most 

used metals in the world since it is a good solution for many application based on its properties. 

Nowadays, aluminium is everywhere, from a can to an airplane. It is for all these reasons that alumium 

is a very interesting material to be selected for the development of the 3D printing system proposed 

in this work.  

 
Figure 14:Evolution of world metal production [17] 

Luis Carlos Arias Garcia had studied different alloys of aluminium in order to find one with a 

commercial interest and the desired properties to do the forming. The A356 is an alloy of aluminium 

with silicon, which provides fluidity to the metal and improves the corrosion resistance, and 

magnesium to increase the resistance of the alloy by the processes of precipitation hardening. The 

studies carried out about this alloy have shown that it is adequate for thixotropic forming. The technical 

data sheet of this metal can be found in the appendix. 
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3.3. Induction Heating 

Introduction  

The work of Luis Carlos Arias Garcia has led to the design of the extruder and the selection of the 

alloy H13, a tool steel, for its fabrication. The next step is to find out how to heat the extrusion head. 

In contrast to polymers, the higher melting temperature of aluminium, which is the material selected 

to be extruded, requires a solution different to resistance heating. The high electrical conductivity of 

metal makes it possible to envisage an induction heating system. 

  Indeed, any electrically conductive body submitted to the influence of a variable magnetic field 

is the seat of inducted currents [18]. Because of the electrical resistivity, these inducted currents create 

an increase of heat because of the joule effect. This technique is called induction heating and enables 

to do heat treatment of metal on their surface as well as in their core. The advantages of induction 

heating are that it can concentrate the inducted currents in a specific zone and thus make the heat 

treatment in this zone in a short time in comparison to other heating techniques [18]. Induction heating 

is often used for surface hardening or for localized annealing. The geometry of the inductors, source of 

the electromagnetic field, defines the heated zone and the frequency of the current flowing through 

them the penetration depth of the currents. [19]  

Physical Phenomenon 

Induction heating is the direct application of the induction law, the Lenz law and the Joule effect. 

Indeed, the induction law establishes that any electricity conductor creates a magnetic field with an 

intensity proportional to the current intensity and with the same frequency if the current is alternative. 

Additionally, the Lenz law tells that any electricity conductor submitted to a variable magnetic field is 

the origin of electromotive induction forces, and therefore of induced currents named eddy currents. 

These eddy currents dissipate heat by Joule effect directly in the electricity conductor where they were 

born. [18] 

The figure 15 left represents the induction heating of a cylinder with an inductor wound in a 

regular helix to form a coil named a solenoid. This type of shape enables the magnetic field created by 

each turn to be added up and thus amplify it. On the right-hand side of Figure 17, the magnetic field 

created by a solenoid can be seen, as well as the field lines, which are almost parallel inside the 

solenoid.  
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Figure 15: Induction heating of a cylinder (left) [18] and magnetic field crated by a solenoid (right)[20] 

 

The magnetic field, for a solenoid composes of N spire with a radius R browsed by a current i 

and arranged evenly over a length l with a section S, if l is large compared with R, it can be considered 

uniform inside the solenoid and null outside except near the borders. In such a system, the amplitude 

of the magnetic field at the center is given by the following formula [21]:   

𝐻 = 𝜇0

𝑁

𝐿
𝑖 (1) 

With 𝜇0 the vacuum magnetic permeability (𝜇0 = 1.2566 ∗ 10−6𝑘𝑔 𝑚 𝐴−2𝑠−2) 

As can be seen, the high the number of spires, the higher the intensity of the magnetic field is. 

If l is not large compared with R, the magnetic field is no more uniform and only the magnetic 

field along the revolution axe takes a simple expression. In order to be able to give it, 2 angles need to 

be introduced and are represented on Figure 16: 𝜃1𝑎𝑛𝑑 𝜃2. The magnetic field intensity is then worth:  

𝐻 = 𝜇0

𝑁

𝐿
𝑖(cos𝜃1 + cos 𝜃2) (2) 
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Figure 16: Scheme representing the 2 angles 

 

This equation is valuable only for continuous current. However, the Lenz law establishes that in 

order to be able to create eddy currents inside a conductive material, it needs to be placed inside a 

variable magnetic field. Let’s take the case of the infinite solenoid again, if the current use is alternative, 

the equation 1 becomes:    

𝑑𝐻

𝑑𝑡
=  𝜇0

𝑁

𝐿

𝑑𝑖

𝑑𝑡
 (3) 

Equation 3 makes it possible to calculate the electromotive force (e) created by the solenoid thanks to 

the Lenz-Faraday law:  

𝑒 = −
𝑑𝜑

𝑑𝑡
(4) 

With 𝜑 the total flow through the solenoid ( 𝜑 = 𝑁 ∗ 𝐵 ∗ 𝑆), by replacing 𝜑 and B by their expression, 

equation 4 becomes:  

𝑒 = −
𝑑𝜑

𝑑𝑡
= −𝑁 ( 𝜇0

𝑁

𝐿

𝑑𝑖

𝑑𝑡
) 𝑆 (5) 

However, e is also equal at 𝑒 = −𝐿
𝑑𝑖

𝑑𝑡
 (6) where L is the inductance of the solenoid. 
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By identification, it can be determined that the inductance of a solenoid is 𝐿 =   𝜇0
𝑁

2
𝑆

𝐿
  (7). 

The inductance of a solenoid is the property given by a constructor of the solenoid and permits to 

directly calculate the electromotive force created for a given current.   

Now that it has been determined how to create a variable magnetic field with a solenoid, the 

general equations of electromagnetism published by Maxwell to be able to understand the physics 

behind induction heating are needed. The relation is as follows [19]: 

• Between the electric field and induction: 

𝑟𝑜𝑡 �⃗� =
𝑑�⃗� 

𝑑𝑡
+ 𝑟𝑜𝑡(𝑣  ^�⃗� ) (8) 

With v the relative speed of the material. For a slow-moving part, the term 𝑟𝑜𝑡(𝑣  ^�⃗� ) 

can be neglected. 

 

• Between the magnetic field H and current density J: 

𝑟𝑜𝑡 �⃗⃗� =  𝐽  (9) 

 

• The relation between the electric field and current density: 

 𝐽 =  𝜎�⃗�  (10) 

With 𝜎 the electrical conductivity of the material.  

 

• Between induction and magnetic field: 

�⃗� = 𝜇�⃗⃗�  (11) 

With 𝜇 the magnetic permeability of the material  

 

By combination of the previous equations, if the magnetic permeability is constant, the 

following expression is finally obtained:  

𝑑�⃗� 

𝑑𝑡
=

1

𝜇𝜎
∆�⃗� +  𝑟𝑜𝑡(𝑣  ^�⃗� ) (12) 

If B has a sinusoidal form with a frequency f and a pulsation 𝜔 = 2𝜋𝑓 and for a non-moving 

part, the Laplacian of induction ∆�⃗�  then writes: 
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∆�⃗� = 𝑗𝜔𝜇𝜎�⃗�  (13) 

The solution of equation (12) or (13) with the use of boundary conditions gives the spatial 

repartition of the induction. The repartition of the inducted current is given by equations (9) and (11) 

[19]. It is only possible to find an analytic solution of this equation for simple geometry and for material 

with a constant magnetic permeability, for all other cases, numerical mathematical resolutions will be 

needed [19]. 

Let’s take the example of a semi-infinite plate along Oz and subjected to a magnetic field along Oy. 

Equation 13 can be written as:  

𝑑2𝐻(𝑧)

𝑑𝑧2
= 𝑗𝑘2𝐻(𝑧) (14) 

With k² = 𝜔𝜇𝜎 and H(z) the modulus of the field for a position z [19]. 

The current density can be calculated by the following equation:   

𝐽𝑥 = −
𝑑𝐻(𝑧)

𝑑𝑧
 (15) 

And have for modulus: |𝐽𝑥| = 𝐽𝑜 exp(−
𝑘𝑧

√2
) (16) 

This equation demonstrates that the current density has an expansional variation from the 

plate surface. J0 is the maximal current density created by induction at the surface of the material and 

can be written as:  

𝐽0 = 𝑘𝐻0 = √2
𝐻0

𝑝
 (17) 

With p the penetration depth. This number has for units the meter and provides information 

about the penetration depth of the induced current. This number is important to design an induction 

heating system because it allows to know where the current will be located and how the elevation of 

temperature will occur because of the Joule effect. For example, if the whole volume of a part has to 

be heated, like in the current case, the relationship diameter/ penetration depth has to be between 3 

and 5 to have an ideal heating system [19]. The penetration depth is given by the following equation:  
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𝑝 =
√2

𝑘
=  √

1

𝜋𝜇𝜎𝑓
= 503.5√

1

𝜇𝑟𝜎𝑓
 (18) 

With 𝜇𝑟  the relative magnetic permeability of material (𝜇𝑟 =
𝜇

𝜇0
), the depth of penetration for 

common metals is given on the table 3.

 
Table 3:Depth penetration in millimetres of common metal with μr=1 except for steel at 20°C [19] 

 

As can be seen in Figure 19, the penetration depth is different for the same material at different 

temperatures. This can be explained by the change of electrical resistivity due to the heat. This means 

that induction heating will not be the same at the start of the treatment and at the end, which reflects 

a new difficulty to solve induction heating problems. Furthermore, as can be seen the steel magnetic 

permeability is not the same. This is due to the ferromagnetic properties of steel. These will also evolve 

with the temperature up to the curie point where steel becomes paramagnetic [24]. The rigorous 

solution of the Maxwell equation led to the following equation which takes into count the magnetic 

saturation of the magnetic material: 𝜇 =
𝐵𝑠

𝐻𝑠
. In practice, for a common steel inside a magnetic field 

H the following formula is use: 𝜇 =
2.3

𝐻
. 

The final step is to make the link between the induced current and the thermal effect. The Joule 

effect is the release of heat that accompanies the passage of an electric current through a conductive 

material that opposes resistance to it [22]. This can be explained by the fact that the electrons 

circulating into the conductive material collide with the atoms that make it up, causing them to vibrate. 

This vibration results in an elevation of temperature. The dissipated energy Q as heat between two 

times t1 and t2 for a conductor with an electrical resistance R can be write has [23]: 



Design of an induction heating systems for a metallic 3D printer   

  37 

𝑄 = 𝑅 ∫ 𝑖²
𝑡2

𝑡1

𝑑𝑡 (19) 

The average power dissipated by Joule effect is then written in alternative current: 

𝑃 =
𝑄

𝑡2 − 𝑡1
=

𝑅

𝑡2 − 𝑡1
∫ 𝑖²

𝑡2

𝑡1

𝑑𝑡 = 𝑅𝐼𝑒𝑓𝑓
2  (20) 

With 𝐼𝑒𝑓𝑓
2 the effective value of the current intensity 

At the local level, the power dissipated by Joule effect per volume unit can be written has: 

𝑝 =  𝜌 𝑗𝑒𝑓𝑓 
2 (21) 

With 𝑗𝑒𝑓𝑓
2  the R.M.S value of the current density and 𝜌 the electrical resistivity of the material.  

Currently, if it is possible to calculate the current density created by induction inside a 

conductive material, the dissipated energy by Joule effect inside the material can be found. The use of 

the spatial heat distribution inside the material is given at any time by the resolution of the heat 

equation [19]:  

𝜌𝑐 (
𝛿𝑇

𝛿𝑡
+ 𝑣 𝑔𝑟𝑎𝑑(𝑇)) = 𝑑𝑖𝑣(𝜆 𝑔𝑟𝑎𝑑(𝑇)) + 𝑝𝑣  (22) 

With: 𝜆 the thermal conductivity of the material 

 𝜌 the density of the material  

 c the thermal mass capacity of the material  

 v the speed displacement of the material  

 𝑝𝑣 the volume density of electromagnetic power induced in the material  

 

 

 



  Memoria 

38   

To solve the equation (18), some boundary conditions need to add as: 

 Initial temperature: 𝑇(𝑥, 𝑦, 𝑧, 𝑡) = 𝑇0(𝑥, 𝑦, 𝑧) 

 The convective heat exchange flow with the environment: 

𝜑 = ℎ(𝑇 − 𝑇𝑎) =  − 𝜆
𝑑𝑇

𝑑𝑛
 (23) 

 With h the convective exchange coefficient of the environment and n the vector normal to the 

surface. 

 Moreover, it can be assumed that the frequency of the magnetic field is sufficiently high, so 

that the thermal response can be considered very slow compared to the electrical phenomena [19]. 

Thanks to this, the volume density of electric power pv can be replaced by his average value and 

considered independent of the time. If equation (16) is used, the current density for an inducted 

current with an exponential decrease is obtained and the average expression of pv can be determined:   

𝑝𝑣 =
1

2𝜎
𝐽0
2𝑒

−
2𝑧
𝑝   (24) 

Note: The electrical resistivity is equal to the inverse of the electrical conductivity (𝜌 =
1

𝜎
), 

therefore it can be noticed that the equation 19 can be assimilated with the local equation of the power 

dissipated by Joule effect (equation 17) but in this case with a current density with an exponential form.  

 Induction heating problem with a penetration depth small in relation to the size of the body 

are the simplest cases and can be solved analytically for simple geometries. For this purpose, the power 

density in the neighbourhood of the surface by a flow density define by [19] has to be replaced:     

𝜑 =
1

2𝜎
𝐽0
2 ∫ 𝑒

−
2𝑧
𝑝 𝑑𝑧

𝑙

0

=
𝑝

4𝜎
(1 − 𝑒

−
2𝑙
𝑝 ) 𝐽0

2  (25) 

With the hypothesis that l/p>>1, the term 𝑒
−

2𝑙

𝑝  can be neglected. Furthermore, by using the equation 

13, the effective value of the magnetic field: 𝐻𝑠 =
𝐻0

√2
 can be written, which leads to the following 

expression:  

𝜑 =
1

𝜎

𝐻𝑠
2

𝑝
 (26)  



Design of an induction heating systems for a metallic 3D printer   

  39 

 The finally step is to solve the heat equation (22) to find the thermal repartition inside the 

material. The resolution is pretty complex and a numerical solver is needed to obtain the result. 

However, some analytical solution for ideal cases can be determined, such as the case of a plate with 

finite dimension (2b) without surface exchange (h=0) with a constant flow (𝜑 = 𝜑0). After a transition 

regime, the heat increases linearly according to the equation: 

𝑇(𝑧, 𝑡) − 𝑇𝑎 =
𝜑

0
𝑏

𝜆
 [𝐹𝑜 +

1

2
(
𝑧

𝑏
)
2

−
1

6
] (27) 

With: Fo the Fourier number definite by 𝐹𝑜 =
𝑎𝑡

𝑏2, (a is the thermal diffusivity of the material)   

Note: the temperature difference between the surface and the core is constant and define by:  

𝑇(𝑏, 𝑡) − 𝑇(0, 𝑡) =
𝜑0𝑏

2𝜆
 (28) 

Inductor design  

The inductor design needs a particular attention in order to have a good induction heating. As 

seen before, the inductor is the part that generates the magnetic field needed for the induction 

heating. The different equation has shown that the heating will increase with the intensity following a 

square relationship. However, this inductor will also be subject of the Joule effect which result in an 

increase of the temperature. However, this inductor will also be subject of the Joule effect which 

results in an increase of the temperature. Equation 22 show that the power dissipated by joule effect 

depend of the electrical resistivity of the material it is therefore important to find a material with a low 

electrical resistivity, or the highest conductivity, to prevent the heating of the inductor. Table 4 shows 

the electrical conductivity for several different materials and it can be observed that the 2 best 

electricity conductors are silver and copper. Moreover, copper has a good resistance to corrosion 

particularly with water. In addition, copper is also inexpensive with a price of 5.7€/kg vs 700€/kg for 

the silver [25]. This is the reason why copper is the most used material to create electric wire and can 

be also used to create inductors. 
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Table 4:Electrical conductivity of different material 

 However, the high current intensity used for induction heating involves a significant increase 

of temperature that obliges to use a cooling system. Most induction systems use a copper tube in order 

to pass water through them and regulate the temperature of the inductor. It therefore requires an 

installation with an access to a water source to be able to do the induction heating.  

Another parameter to take into account is that the electricity field inside the inductor will be 

also affected by the magnetic field created. This is called the proximity effect. This results in a non-

uniformly current density distribution and the increment of the apparent resistance of the conductor 

[24]. There are 2 distinct cases: the first one is when the conductor carries the current in the same 

direction. Then the magnetic field of each conductor forces the current density to be concentrated on 

the exterior as can be seen in Figure 17 left. If the current is carrying on the opposite direction, the 

current density is concentrated on the inside as shown in figure 17 right. 

   
Figure 17: proximity effect with current in the same direction (left) and for opposite direction (right) 
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4. Methodology 

As previously stated, the main goal of this TFM is the design of the induction heating systems in 

order to obtain the required temperature inside a 3D printer extruder to obtain the thixotropic 

behaviour for A356 aluminium alloy. To be able to reach this objective, several step will be needed. In 

the first place, a simulation software capable to solve the maxwell equation in order to visualise the 

effect of induction on a conductor will be needed. Next, experimental results will have to be generated 

to validate the model used in the simulations for simple geometries. Once the model has been 

validated, simulations will be performed to see the influence of the inductor’s geometry on the heating. 

Finally, Inductor designs will be simulated on the extruder’s geometry to find the best shape for the 

heating, followed by an experimental validation of it.  

4.1. Finite Element Simulation using DEFORM® 2D v.11 

Main interface 

DEFORM® 2D is the software which has been used to do the heating simulation. This software, 

developed by Scientific Forming Technologies Corporation is a powerful process simulation system 

designed to analyse the two-dimensional flow or complex metal forming processes such as machining, 

rolling, extrusion, etc… and it can also be used to study the heat transfer and the induction heating. It 

is composed of 3 main modules: the pre-processor, the simulator and the post processor.  

 As can be seen in Figure 18, the pre-processor is made up of 11 sub-

modules with each one of them their own interface in order to facilitate 

the parameterization of the simulations. For the case of the induction 

heating, the DEFORM-2D/3D Pre has been used because it contains the 

basics pre-processor to solve any problem and the DEFORM MO 

(multiple operation) that is used in the case multiple operations are 

required. The advantage of the DEFORM MO processor is that t the 

interface does not need to be exited to reach the solver and visualise the 

results. 

 

 

Figure 18: DEFORM Pre-

processor 
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Once the pre-processing is done, the solver alloys to run the 

simulation with the parametrization made before. Several tools are at 

disposition in order to plan the calculation of multiple simulations. This 

step depends on the performance of calculus of the work station, as 

well as the difficulty of the problem, and can easily last several hours 

which makes it the slowest step in the simulation process.    

    

 

Finally, the post processor provides access to a visualization of the 

problem resolution grouping all the data. It also makes it possible to 

export this data to study them in other software such as excel. 

 

Pre-Processing  

At the creation of a new problem, the first thing to do is to define the simulation controls. Figure 

21 shows the simulation control panel and the different functions needed to define the problem. As 

can be seen, the unit system for the simulation has to be chosen, as well as the type of simulation. In 

the current case. the heat transfer heating induction parameter has to be activated. It is also necessary 

to define the number of simulation steps, the step increment to save and the time defined by a step, 

as well as the process duration. It is therefore necessary to set the 4 first panels in order to do the 

induction heating simulation. The other one allows for more complex simulations but are not needed 

in the current study. 

Figure 19: DEFORM simulator 

Figure 20:DEFORM post processor 
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Figure 21:Simulation control panel 

Once the simulation control is done, the material used for the simulation has to be defined. An 

extensive library of materials is already available in the software which greatly facilitates this step. 

However, if the material is not on the data base, it is possible to create a new material and define all 

materialist properties. For induction heating, the creation of a material “air” is needed so that the 

software can calculate the distribution of the magnetic field inside it.  

After that, the geometry of the problem has to be established. DEFORM 2D proposes to define 

a 2D problem that will be transformed to 3D by an axial symmetry of the problem. Doing like this 

enables to save time during the simulator step. There are two possible alternatives to generate the 

geometry: the use of the tools of DEFORM to define it or the use of a CAD software to generate a file 

to be imported by DEFORM. To save time and avoid intermediate steps, all the definition of the 

geometry done in this TFM are made directly on the DEFORM pre-processor. Figure 22 shows the 

object creation window which informs about the different stages to be established. First, a name has 

to be given to the different objects and their type has to be selected. For the current application, each 

object will be of the plastic type. It is also necessary to assign a temperature and a material to the 

object 
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Figure 22:Object creation window 

 

 

Once this is done, the object geometry can be created. As previously seen, 

DEFORM’s tool will be used for this step. Once again, there are several paths to 

obtain the geometry. This first one uses the primitive preregister in DEFORM (see 

figure 23). All that needs to be done is to give to the software the geometry 

dimensions and a starting point. It is the fastest way to create the geometry. 

However, as the figure 23 shows, only several simple geometries are available by 

this method. In all other cases it will therefore be necessary to create the geometry 

point by point. Finally, in the case of induction heating, an object representing the 

air has to be created. This involves a complex geometry consisting of several 

contours. The topology tool allows the creation of several loops for a same object 

representing the different contours. After, a region is created with the assignment 

of the region and then the material it is made of has to be redefined. 

 

 

 

Figure23: 

Primitive geometry 
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Afterwards, the mesh of the object must be created. DEFORM offers to import dirrectly an 

existing mesh or to create one. The user only needs to indicate the number of elements wanted for 

each object. A coarse mesh results in a reduction in calculation time but with less accurate or even 

erroneous results. A fine mesh drastically increases the calculation time and allows to have the most 

accurate simulation. It is therefore necessary to generate the mesh in such a way that to have a low 

calculation time and precise results. 

For induction heating simulation, the final step is to define the propertiers of the inductors. It 

is then necessary to inform about the frequency, as well as the density of the current passing through 

them.  

Once all the objects are created, the definition of contacts between objects are established. 

The figure 24 shows the inter-object window which makes it possible to carry out this operation. This 

step allows, among other things, to indicate to DEFORM that a heat exchange is taking place between 

the objects by applying the value 1 into the interface heat box. Each contact between the objects is 

defined with an object master, in the current application it is mainly the air which encompasses the 

other components, and a slave object. As the movements are not simulated, it can be indicated that 

there is no friction between the objects by applying the value 0 into the friction box. The simulation is 

therefore ready to be run. 

 
Figure 24:Inter-Object window 
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Simulator and Post Processor  

As indicated before, the simulator step is the longest step and depends directly on the mesh size 

generated at the pre-processing stage. During the calculation, the user can monitor the progress of the 

problem resolution and can interrupt it at any time. Once completed, a message indicates to the user 

that the simulation is complete and ready for post processing.    

As seen in Figure 20, there are 4 different user-interface available to treat the results. The most 

complete and versatile is the DEFORM-2D/3D Post. Several data are available, being the temperature 

the most interesting one for the objectives of this work. DEFORM offers a colour scale that makes it 

easy to see the temperature gradients inside the different objects. The 3D view mode  allows to 

toggle between the 2D and 3D view of the problem. The step setting  allows 

to navigate between them and visualize the heating progress over time. The state variable between 

two points  allows to draw a graph representing data along a line defined by the user as well as 

exporting them as a text document.  Finally, the point tracking tool  is used to collect data at user-

defined points and cover the entire duration of the simulation, these data can be also exported as a 

text document. 
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4.2. Simulation validation tests 

Heating system 

As seen in the introduction of this chapter, the simulation result needs to be validated by 

comparison with the real experience. In order to do this, an induction heating experiment will be 

carried out. An inductor of the brand YUELON® model HF15-A with 7KW input (figure 25) already 

available in the laboratory will be used. For security reasons explained into the inductor design chapter, 

a water-cooling system is integrated in order to avoid temperature rise of the inductor. This unit has a 

manual mode as well as an automatic mode. The automatic mode allows, thanks to 3 selectors on the 

top of the front panel of the appliance, to define a heating time, a retaining time and a cooling time. 

Two sliders are used to select the power during the heating and the retaining time. Finally, 2 pressure 

button allows the process to be started and stopped at any time during the operation. A screen returns 

the value of the intensity passing through the inductor.   

 
Figure 25:Induction furnace model YUELON® HF15-A 

 The manual mode uses a Proportional Integral Derivative (PID) controller from Fuji Electric® 

model PXR4/5/9 (figure 26) to control the temperature by means of a type K thermocouple placed in 

contact with the metal undergoing heating. The target temperature must be selected and is displayed 

on the SV line of the controller. The PV line shows the temperature read by the thermocouple. The 

power of the current flowing through the inductor must also be selected on the furnace. The controller 
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PID will then switch on and off the induction oven to reach and maintain the target temperature inside 

the material. This will allow to maintain the necessary temperature to obtain the thixotropic 

proprieties of the aluminium alloy. 

 
Figure 26: Controller PID Fuji Electric® model PXR4/5/9 

The inductor used in this experiment have the following dimension:  

• Tube diameter: Dt=8mm 

• Diameter core to core: Di=58mm 

• Length: l=55m 

• Number of spires: 3  

Temperatures will be measured with the use of a type K thermocouple by means of the 

PicoTech TC-08 thermocouple data logger (figure 27). The advantage of this acquisition card is that it 

does not require programming and proposes tools to study the data on the Picolog software provided.  

 
Figure 27:TC-08 thermocouple data logger 
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Validation of the heating of an aluminium cylinder 

 

In order to validate the simulations, the first problem which was simulated was 

the heating of a cylindrical aluminium bar. The experimental setup for this validation 

consisted of a cylinder of an aluminium alloy 1370 with a diameter of D=28mm. In order 

to collect temperature information at different regions of the cylinder, holes designed 

to accommodate thermocouples were drilled on the surface of the aluminium cylinder 

as represented in figure 28:  

• 3 holes with a depth of 2 mm at the middle, the top and the bottom of the 

cylinder. 

• 1 hole up to the center of the cylinder 

• 1 hole up to half of the radius 

Note: the hole in the middle section will be refers at middle point. 

This sample was placed inside the induction coil and the middle section was coincident with the middle 

section of the coil. This montage consists of the common base of all the following experimentation. 

A first experiment was carried out with the following protocol: 

1- Placing the thermocouple inside the holes 

2- Position the cylinder on the inside of the inductor on a refractory brick 

3- Check that there is no contact point with  

4- Start the water-cooling system 

5- Switching on the induction furnace 

6- Set the heating time at 50 sec, retaining time at 0 and cooling time at 20 sec 

7- Start the record of the temperature 

8- Select a low intensity and record it 

9- Start the heating 

10- At the end of the process, increased the intensity and record it 

11- Start again from the step 9 as long as the temperature does not exceed 550°C for 

security reason  

12- Stop the data recording 

13- Wait for the aluminium to cool down 

14- Switch off the device and the water-cooling  

 

Figure 28: holes placement on 

the aluminium cylinder. 
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Others experimentation were carried out to see the evolution during a long heating time with the 

following protocol: 

1- Placing the thermocouple inside the holes 

2- Position the cylinder on the inside of the inductor on a refractory brick 

3- Check that there is no contact point  

4- Start the water-cooling system 

5- Switching on the induction furnace 

6- Set the heating time at 99 sec, retaining time at 99 and cooling time at 0 sec 

7- Start the record of the temperature 

8- Select an intensity of work 

9- Start the heating 

10- At the end of the retaining time, restart the heating until the temperature reach 550°C 

11- Stop the data recording 

12- Wait for the aluminium to cool down 

13- Switch off the device and the water-cooling  
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Validation of the heating on the extrusion head 

In order to avoid damaging the extruder installed on the 3D printing system, a replica of the lower 

party of the extruder was made with the same material, the tool steel H13. SolidWorks software was 

used to realize this design. It is important to incorporate holes to accommodate thermocouples which 

will allow a comparison of the temperature evolution with the simulation. figure 29 left shown a 

sectional view of the part send to a mechanical workshop. The head of the extruder will be the same 

as the real one and also is replicated for the experiment and represented on the figure 29 right. 

 

  
Figure 29: Sectional view of the replica of the extruder (left) and extrusion head (right) 

In the first place, the experiment will use a simple inductor geometry with a constant diameter. 

For security reason, the inductor needs to be distant at least of 1 cm from the material. An inductor of 

the following dimension will be use:  

• 3 spires 

• Internal diameter center to center Di=130 mm 

• Inter-spire distance center to center h=16mm 

The experiment will be caried out following the same protocol describe previously. 

  



  Memoria 

52   

Test of the PID controller  

The same aluminium cylinder alloy 1370 previously use will be the base use during these 

experimentations. In order to be able to see the induction heating with the use of the PID controller. 

An experiment was carried out with the following protocol:  

1- Placing the thermocouple inside the holes 

2- Connect the thermocouple placed in the center to the PID controller 

3- Position the cylinder on the inside of the inductor on a refractory brick 

4- Check that there is no contact point  

5- Start the water-cooling system 

6- Switching on the induction furnace 

7- Choose the target temperature in the PID controller 

8- Start the record of the temperature 

9- Select an intensity of work 

10- Start the heating 

11- Stop the heating after 900 sec 

12- Stop the data recording 

13- Wait for the aluminium to cool down 

14- Switch off the device and the water-cooling  
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5. RESULTS AND DISCUSSION 

Heating of an aluminium cylinder 

Initial heating procedure 

This experiment was done with 3 thermocouples placed at the middle, top and bottom hole 

of the cylinder. Figure 30 shows the result graphic representing the temperature record by each 

thermocouple as a function of time. The intensity use at each treatment is indicated by the number 

framed in black. As it is not possible to change the current frequency through the inductor and the 

YUELON furnace does not return its value, an oscilloscope was directly connected to the inductor. This 

has shown that for each intensity, the frequency is constant and is equal to f=33,3 kHz.  

 
Figure 30:Induction experiment result 

 

Several things can be observed thanks to this experiment: 

• The increase of the temperature is linear and confirms the equation 27 model 

• The slope coefficient is directly linked to the current intensity inside the inductor 

• There is a strip effect with the highest temperature found in the middle section of the inductor. 

• The temperature at the top and at the bottom are not the same for heating with high intensity 

current, which was not expected. 
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A possible explanation to this phenomenon is that all the thermocouples were 

connected to the acquisition card from the bottom of the cylinder. This means that the 

thermocouple placed at the top of the cylinder passes through all the magnetic field created 

by the inductor as opposed to the thermocouple at the bottom of the cylinder. In fact, a type 

K thermocouple is made of conductive material and is therefore also going to be the origin of 

induced currents. A second experiment was made in order to validate this theory which 

consists of the heating of only a thermocouple to see if an elevation of temperature can be 

observed. The figure 31 shows the result of this experiment.  

 
Figure 31:Heating of a type K thermocouple for I=1082A 

As seen on the figure 31, an increase of temperature inside the thermocouple does take 

place which reflects that eddy current are generated inside it. This validates the previous 

hypothesis and explains why a not negligible difference between the top and the bottom 

sections can be observed. It is therefore necessary, for the sake of precision in the final process, 

to avoid as much as possible that a thermocouple is the origin of eddy currents.    

Furthermore, as the current intensity through the inductor is the only changing parameter, an 

empirical model to know how the current intensity influences the heating can be made. This can be 

achieved on excel by the following steps:  

1- Calculate the slope coefficient for each intensity 

2- Plot the slope coefficient as a function of the intensity (figure 32) 

3- Model the curve in order to have a regression factor R close to 1 (figure 32) 

4- Use the regression tool in order to have a precise equation linking the coefficient slope to 

the intensity 

5- Make another experimentation and check if the modeling is correct (figure 33) 
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Figure 32: Slope coefficient in function of the current intensity 

 

 

Figure 33: Validation of the model for the heating of 120sec with an intensity of 1082 A  
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As seen on the figure 32, the polynomial regression factor is R=0.999 which means that the slope 

coefficient, and therefore the heating, depends of the square of the current intensity through the 

inductor which is in line with the equations seen in the chapter about induction heating physics. The 

figure 33 make a comparison between an induction heating experiment made for a time of 120 sec 

with a current intensity of 1082 A, it can be observed that at the beginning the model is quite accurate 

but that there is still a small difference at the end of the heating. This may be explained by the rounding 

of the slope coefficient values that were made during this modelling.  

Others experimentations was carried out with a longer heating time to understand the 

dependence of the temperature with the intensity. In order to be able to extend the heating times 

without reaching temperatures close to the melting temperature of aluminium, the intensity was 

reduced with respect to the previous experiences. The results of the 3 experiments made at the 

intensity of 300 A, 400 A and 500 A are shown by the figure 34, 35 and 36. 

 
Figure 34: Temperature inside the aluminium during a heating with 300 A 
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Figure 35:Temperature inside the aluminium during a heating with 400 A 

 
Figure 36: Temperature inside the aluminium during a heating with 500 A 

Note: the experimental set-up of placing several thermocouples inside the cylinder and placing 

the cylinder in the inductor is a tedious task. For this reason, the 500A assembly has 4 thermocouples 

while the 300 and 400A assemblies do not because of the break of one of the thermocouples.   

As it can be seen in the figure 34, with an intensity of 300 A, the temperature increases with time 

and the rate of temperature increase slows down as the higher the temperatures. This can be explained 

by the fact that with the intensity of 300 A, the power dissipated by joule effect is not high enough to 

elevate the temperature on the same way at 20°C than at 350°C. This phenomenon can also be 

observed on the figure 35 with the heating which uses an intensity of 400 A but the deceleration in the 

temperature raise is not as pronounced as for 300 A. Finally, as it can be seen on the figure 36, this 
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phenomenon is no existent on this temperature range when the current intensity of 500 A is used and 

the increase in temperature is almost linear with time. It should also be noted that for 300 A and 400A, 

some points show a sudden increase of the temperature at the beginning of the heating. This could be 

associated to problems with the thermocouples, such as an excessive bending. However, some 

differences in the heating of different locations are detected for 300 A and 400 A heating intensities. 

When the intensity is raised to 500 A, all the locations at which the evolution of the temperature was 

measured show similar curves, indicating a more homogeneous heating. 

PID controller  

The same cylinder was heated with the use of the PID controller with the aim to maintain the 

temperature of 400°C inside the cylinder. The figure 37 show the temperature evolution during the 

heating with the PID controller.  

 
Figure 37: Heating with the use of the PID controller 

As it can be seen on the figure 37, the use of the PID controller allows to reach an aimed 

temperature and maintain it in a very efficient way. The controller, gives instructions to the furnace, 

which switches on and off to keep the temperature constant. The use of the controller will therefore 

be needed in the final heating systems installed on the 3D printer with the aim to maintain the 

temperature constant and use the thixotropic properties of the aluminium. 

Simulation and Comparison  

To validate if the simulation results are in agreement with the experimental results, the geometry 

of the experimentation needs to be implemented in DEFORM. However, after several trials, it turned 

out that the use of a circular geometry for the transverse section of the inductor led to erroneous 

0

50

100

150

200

250

300

350

400

450

0 200 400 600 800 1000

Te
m

p
er

at
u

re
 (

°C
)

Time (s)



Design of an induction heating systems for a metallic 3D printer   

  59 

results. This was solved by the use of a square geometry for the inductors. In addition to this, it is 

impossible to create a continuous inductor in 2D due to the asymmetrical definition of the geometry 

which leads to the creation of 3 independent inductors for the simulation. 

Furthermore, the material used during the experimentation, which is an aluminium alloy, the 

copper used for the inductor and the air need to be defined. DEFORM 2D unfortunately does not have 

in his library the magnetic properties of aluminium and they have to be defined by the user. At first, 

these properties were defined as if the cylinder was only made of aluminium. These led to a very high 

difference of more of 300°C between the simulation and the experience for a heating time of 100sec. 

However, the simulations carried out over a longer heating time have demonstrated that these 

differences are due to a rapid rise of the temperature at the beginning of the heating, before reaching 

a linear evolution, such as the one observed during the experiment. Figure 39 and 40 make the 

comparison between the simulation and the experimentation for an intensity of 300 A and 500 A in 

different point of the cylinder.    

 

 
Figure 38: Comparison between the simulation and the experimentation for a long heating time at 300 A at 

different point with the proprieties of the aluminium 
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Figure 39: Comparison between the simulation and the experimentation for a long heating time at 500 A at 

different point with the proprieties of the aluminium  

 

As it can be seen the result differs from several degrees and it must therefore be concluded that 

the temperature values obtained from the simulation cannot be taken as the value obtained by 

experimentation. The models used by the simulation consider that there is a fast increase of the 

temperature at the beginning of heating, but this increase does not take place experimentally. 

However, the curves run parallel, i.e. the results obtained with the simulation show a temperature 

evolution similar to the one during the experiment, which lead to conclude that the results obtained 

with DEFORM are an approximation and can be used to determine the spatial repartition of the heat 

inside the material thanks to the post-precising showed in figure 40. It is therefore possible to carry out 

simulations on DEFORM to see how the inductor’s geometry will influence the heating. With the aim 

of finding the best design to be implemented on the extruder.  
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Figure 40: Spatial heat reparation obtain with DEFORM 

Heating of the extruder replica 

The inductor used to heat up de replica of the extruder has a higher diameter and, therefore, 

a greater overall length leading to a decrease in the maximum intensity which could be applied. The 

maximum intensity was the one used during this experiment of 100 A, which results in a long heating 

time but allows a better temperature homogeneity. The results of this experimentation are shown in 

the figure 41. 

 
Figure 41:Temperature evolution in 3 different point of the extruder replica 
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As it can be seen in the figure 41, the use of a current density of 100 A led to the flattening of 

the rise of the temperature. It can also be seen that despite the thickness of 36mm, there is only a 

difference of 30°C between the surface and the center of the extruder replica. 

A new simulation needs to be done with this new inductor design to be able to compare the 

data obtained by the simulation and the experimentation. The figure 42 makes the comparison of the 

experimentation result and the simulation.  
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Figure 42:Comparison of the experimentation and the simulation in different point 

As it can be seen, the simulation results do not perfectly match the experimentation ones but 

give an approximation of the rise of the temperature inside the material. This led to the same 

conclusion as previously, that DEFORM can be used to obtain a reasonable approximation of the 

temperature rise inside the material. The spatial heat repartition obtained with the heating of the 

replica can be seen on the figure 43.   

 
Figure 43: Spatial heat reparation obtain with DEFORM 

As it can be seen, the low intensity of 100 A led to a homogenisation of the temperature inside 
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in the next section. 
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5.1. Inductor geometry study 

Simulation parameters  

In order to develop the best possible inductor design, simulations need to be realized with the 

aim to understand how the distance between the inductor and the material as well as the inter-spire 

distance influence the heating. A reference simulation and a protocol need to be established. The 

reference will be as follows:  

• An aluminium cylinder with r=14mm 

• Inductor with an internal diameter of ri=29mm 

• Inter-spire distance h= 8 mm 

• 3 inductors (corresponding to 3 spires) 

• Tube diameter D=8mm 

• Intensity inside the inductor of 824 A 

In a first stage, the inductor internal diameter will be increased by 10 mm for the simulation. 

In the second stage, the inter-spire distance will be increases by 2 mm for the simulation.  

Simulation results  

Figure 43 shows the result obtained for the reference simulation that was made after 20sec of 

heating. The spatial distribution of the heat shows that the maximal temperature at the surface of the 

cylinder is situated in the middle of the inductor and is a good illustration of the strip effect observed 

during the experimentation. Furthermore, at the end of the cylinder surface, it can be observed an 

increase of the temperature. This phenomenon is known as the wedge effect and can be easily 

explained by studying the magnetic field lines created by the inductor. Indeed, most of the magnetic 

field will directly interact with the conductive metal but a small part of them will interact with the 

superior and the bottom surface of the cylinder creating eddy current concentrated on the wedge of 

the cylinder. 
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Figure 44:Spatial temperature repartition at the surface of the cylinder for the reference simulation after 20s of 

heating  

 

  
Figure 45:Spatial temperature repartition at the surface of the cylinder for ri=39mm (top) and ri=49mm(bottom) 

after 20s of heating 
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Figure 46: Spatial temperature repartition at the surface of the cylinder for h=10mm (top) and ri=12mm 

(bottom) after 20s of heating 

 

The strip effect can be observed again for on the figure 44 top, corresponding to a higher inner 

diameter of the inductor, but with a decrease of the maximal temperature at the middle of 

approximately 10 °C. That can be explained by the fact that less magnetic field will interact with the 

cylinder surface. This disposition led to an increase of the wedge effect at the surface of the cylinder 

which, in this case, gives way to 3 hot spots.  Figure 44 bottom shows that at even bigger distances the 

wedge effect is way bigger than the strip effect and leads to a heat distribution with maximum 

temperatures located on the wedge. Another simulation was carried out to see the strip effect if there 

is no wedge effect for the case of ri=49mm using an aluminium cylinder with a length assimilate to 

infinite which led to the conclusion that only a strip effect exists but the temperature increases only of 

few °C. 



Design of an induction heating systems for a metallic 3D printer   

  67 

Figure 45 top and bottom shows that the increase of the inter-spire distance does not affect the 

width of the strip effect. However, it can be observed that more the inductor is near the surface, more 

the wedge effect will be important.  

The wedge effect can be an advantage as well as a disadvantage for induction heating. In the 

case of the problem defined during the simulation, it can be seen on the figure 45 bottom that the 

wedge effect is as important as the strip effect which can permit to reach a homogenous temperature 

quicker than with other inductor design and show the fact that the wedge effect can be benefit in 

several case of induction heating. However, as its name suggests, a corner is needed. This means that 

any irregularity of the geometry can lead to a localized generation of eddy currents which can therefore 

complicate the heat homogenisation. 

5.2. Inductor design for the extruder body 

Modelling of the existing geometry 

In order to be able to correctly establish an inductor geometry for the extruder of the printer 

designed by Luis Carlos Arias Garcia in a previous project, the first step was to do the 3D modelling on 

a CAD software of the extruder body. This step is important because it allows to analyse all the 

irregularity of the geometry that can lead to a wedge effect. SolidWorks software was used for this 

purpose. This software allows a quick and easy volume creation thanks to extrusion tools of 2D sketch. 

Figure 46 shows the 3D model obtained.  

 
Figure 47:Extruder body with the black arrow the place where wedge effect appends  
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 Several things can be seen in figure 46. First the extruder is composed of 2 parts, the extruder 

body and the head of the extrusion. This part is screwed together near the extrusion nose (the screw 

is not represented on the 3D model. The zone needed to be heated includes the extrusion head as well 

as the bottom part of the extruder body. The studies carried out upstream make possible to know 

where wedge effect will be created and are designed on the figure 46 left by the black arrow. The screw 

itself, made of conductive materials, will also be the seat of inducted current and greatly complicates 

the heating. To simplify the design, the screws will not be taken in count during the creation of the 

inductor design. It is important to notice that the wedge effect that will happen on the place indicated 

with the second arrow on the figure 46 is going to be undesirable and will need to be avoided. 

Simulation Protocol  

The induction heating systems will be used with the manual mode of the induction oven YUELON 

used previously. The study of the inductor design is therefore used to reach as quickly as possible a 

homogeneous temperature in such a way that the PIV controller can maintain the temperature. The 

first step is to define only the part which will undergo the induction heating in order to reduce the 

calculation time of the different simulations. These simulations will be carried out on two steps: 

• The first one consists to create a conical inductor for the extrusion head in order to obtain 

a homogenous heating of the aluminium inside the nozzle. 

• In a second stage, the top of the inductor will be created in such a way as to heat up the 

aluminium before feeding it to the extrusion head, thus reducing the final heating time 

and improve the heat homogeneity. 

It is important to note that the aluminium will not be directly heated. The extruder body made of 

H13 steel contains the aluminium and will be the origin of the eddy currents. The heat will therefore 

be transmitted by diffusion to the aluminium. All the simulation are going to be done for an intensity 

of 500 A. 

Simulation results.  

5.2.1.1. Conical inductor at the nozzle 

Several experimentations were made in order to find the best inductor design. The temperature 

spatial reparation of the design selected is represented on the figure 47 and the temperature gradient 

along the center of the aluminium (z axis) after a treatment of 50 sec is shown in Figure 48.   

 



Design of an induction heating systems for a metallic 3D printer   

  69 

 
Figure 48: Spatial temperature repartition for the selected design 

 
 

 
Figure 49:Temperature gradient along the z axis (center) of the aluminium) 

 

As seen on the figure 47, this inductor geometry avoids the appearance of a wedge effect. 

Furthermore, the maximum temperature of the aluminium is situated at the very end of the extrusion 

nozzle as shown in the figure 48. However, it can be seen that the heating is not quite homogenous 

and decrease from the end of the extrusion nozzle. It is therefore necessary to implant the superior 

part of the inductor.  
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5.2.1.2. Complex geometry (conical + cylindrical) inductor 

As seen on the previous chapter, more the inductors are close to the metal, less the wedge effect 

will occur. Figure 49 shows a comparison of this wedge effect for 2 different inductor design. They both 

have a conical shape close at the nozzle and are cylindrical around the extrusion body. On the right, 

the cylindrical part of the inductor has a larger diameter than on the left. It can be observed that an 

important wedge effect is found for the first design, which results in a high temperature at this point. 

This is problematic because it means that during the heating, the excrescence will have a temperature 

superior of the temperature of the body and can affect the mechanical proprieties of the H13 steel.     

 
 

Figure 50:Comparison of the wedge effect for 2 inductors design 

Furthermore, it can be observed in figure 49 right that there is a difference between the 

extrusion nozzle and the extruder body. In order to obtain the most homogenous heating possible, 

another design will be studied. By reducing the distance between the surface and the inductor, i.e., 

further reducing the inductor diameter, the result shown by the figure 50 are obtained.  
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Figure 51: Elected inductor design 

 

As seen on the figure 50, these results define also in a wedge effect. However, the temperature 

reaches are the same of temperature obtain by the strip effect on the extruder body and the extrusion 

nozzle. This means that the maximum temperature of the extruder will be the same on these 3 points. 

It is then enough to control the temperature at one of these 3 points to control the 2 other which 

makes much easier the use of the PID controller. The figure 51 show the temperature gradient along 

the center of the aluminium for a heating time of 100 sec. 

 
Figure 52:Temperature gradient of the aluminium along the z axis  
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By comparison between the figures 51 and 50, it can be seen that the addition of the superior 

part of the inductor make that spatial distribution of the heat inside the aluminium is more linear which 

reflects a better temperature homogenisation.  

A second solution has been simulated in order to reach a better homogenous temperature. This 

solution involves the use of 2 distinct inductors: one for the extrusion nozzle and one for the extruder 

body. This allows to apply 2 different intensities for each inductor and make more complex heating. 

The figure 52 make the comparison of the temperature gradient along the center of the aluminium for 

4 different intensities inside the extruder body inductor with the same intensity of 500 A through the 

nozzle inductor.  

 
Figure 53: Comparison of the temperature gradient along the centre of the aluminium for different intensity  

As seen on the figure 52, the use of 2 different inductor can led to a better heat homogenisation. 

However, this design involves the use of 2 induction furnace. This mean that the final price of the 3D 

printer will be increased. Furthermore, 2 water cooling this will lead to an additional space requirement 

and installation because of the need of the water cooling. The advantage is that 2 PID controller can 

be also use and permit to make a coarse pre-heating on the upper part and have a precise control on 

the temperature inside the nozzle thanks to the second inductor. 
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Environmental impact analysis  

The aluminium is one of the most use metal in the word and has multiple applications. However, 

a high energy is needed to transform the bauxite ore in pure aluminium because of the use of a process 

of electrolyses energy-consuming. The figure 53 show the different energy needed in MJ/kg to produce 

different commune metal and show that 210MJ/kg is needed for the aluminium production [28].    

 
Figure 54:Energy needed in MJ/kg for different metal [28] 

However, the recycling of aluminium does not influence the mechanical proprieties of 

aluminium which means that it is possible to reuse in infinity the aluminium. It is then quite conceivable 

that, in the case of defect in the 3D part printed, to reuse the aluminium of this part to print another.   

In addition to this, the recycle process of aluminium is well known and develop around the world and 

the energy needed is only of 5% of the energy needed from the bauxite. It is also important to precise 

than during the recycling process, there is no liberation of substances in the environment. 

Furthermore, printing the aluminium does not generate less loos of material than if it be mechanised 

which makes it possible to reduce the quantity of aluminium necessary to create a part.  

Induction heating is currently the heating solution with the best efficiency availed on the market 

as can be seen on the table 5 since the temperature rise takes place directly within the material. In 

addition to this, the induction heating requires less amount of power to elevate the temperature which 

mean that induction heating is not only the most efficient heating system but also has the lowest 

environmental impact amount the other heating system. Furthermore, the temperature required in 

this 3D printer is inferior of the fusion temperature of the aluminium alloy saving an amount of energy 

not negligible in case of multiple use.        
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Table 5:Required input power for 1.0 kW delivered power and associated power savings [29] 

Finally, the thermal conductivity of the steel is relatively low which mean that after a printing, 

the steel of the extruder body will remain hot during several hours later thus reducing the amount of 

power needed to reach the semi-solid state temperature of the aluminium in the case of successive 

printing. 
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Conclusion  

Although induction heating is the result of a simple electrical concept, the complexity to solve 

the of Maxwell’s equation requires the use of different software in order to obtain theorical results. 

Improvements are to be expected in the next few years for induction simulation a professional 

software consecrated only to induction heating simulation are already available on the market. Even 

though the software used in the work does not provide precise results regarding the absolute 

temperatures reached at different regions of cylinder like geometries, it has been effective to 

understand the temperature distribution and to design the induction coil to reach the desired printing 

temperature at the exit of the extrusion nozzle. This is relevant because conventional printers do not 

use Induction heating, but it is the best technology to obtain the target temperature of 700°C quickly 

in order to be able to reach the thixotropic properties of some aluminium alloys. The next steps to 

reach the aim of creating the metallic 3D printer is to carry out experimentation of induction heating 

on the real extruder body and initiate printing text of aluminium. More compression tests are also 

needed to evaluate how apply a high shear rate inside the extruder in order to obtain the globular 

microstructure and obtain the best mechanical properties.      
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Annex A 

 

Technical data sheet of A356 

 


