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Abstract  

 

The present document reports the work which has been carried out through the master thesis 

entitled “Industrial Solutions for Inductive Heating of Steels”, done at Swerea MEFOS (Luleå) during 

spring semester 2013. This master thesis has been supervised by Esa Vuorinen from Luleå University 

of Technology and Jan-Olov Perä from MEFOS. The work takes part from a larger project at MEFOS, 

intended to develop different industrials solutions based on inductive heating. This master thesis is 

not usual because it does not carry out on one specified problem: at the beginning of the work, a first 

time (2 months) was devoted to literature survey and theoretical background. This theoretical 

background has been completed by a stay at the company Fives CELES in France (2 weeks), in order 

to learn more about inductive heating, and look after applications of inductive heating. Finally, a third 

time (3 months) was dedicated to experiments. These experiments have dealt with two different 

subjects:  

 Inductive heating of coated Boron steel before hot stamping: Case of Zn-Fe and Zn-Ni coatings  

Work in collaboration with Gestamp.  

 Selective inductive heating – perspective of components with tailored properties. 

The word is presented in different parts, for a clearest reading of the document. The first part 

presents a theoretical background about inductive heating required to understand this report. 

Because induction is a wide and complex science, which combines electromagnetic with heat science, 

only the minimum of background is given. Readers interested in further explanations can consult 

numerous publications on this topic.  

The second part is devoted to the state-of-the-art of inductive heating. Because this topic is quite 

broad, some subjects have been selected regarding the project and MEFOS’s activities. Investigations 

focuses firstly on inductive heating in case of hot rolling with flat and long products, and secondly on 

its utilization in automotive industry. Then, investigations on the influence of surface treatments and 

coatings on inductive heating are presented. This part finishes on a review of actual available 

processes based on induction heating.  

The third part presents experiments on both subjects: the inductive heating before hot stamping of 

Zn-Fe and Zn-Ni coated Boron steel and the potential of the “selective inductive heating”; it means the 

possibility of localized treatment by inductive heating, in a perspective of tailoring properties 

components.  
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Résumé 

 

Le présent document reporte les différent travaux effectué durant le stage de fin d’étude intitulé 

« Solutions industrielles pour le chauffage par induction de l’acier », effectué dans l’entreprise Swerea 

MEFOS (Luleå), durant le semestre d’été 2013. Ce travail fut tutoré par Esa Vuorinen de l’Université 

Technologique de Luleå, ainsi que par Jan-Olov Perä de MEFOS, et fait partie d’un plus large projet 

visant à développer des solutions industrielles basées sur le chauffage par induction au sein de 

l’entreprise MEFOS. Ce stage de fin d’étude peut paraître singulier car il n’est pas dédié à la résolution 

d’un problème particulier, mais traite plusieurs aspects : la première partie du stage (2 mois) fut 

consacrée à la revue de littérature ainsi l’aspect théorique du chauffage par induction. Ces aspects 

théoriques furent complétés par un séjour de deux semaines dans l’entreprise Fives CELES. Ce séjour 

a permis d’approfondir des points de discussion spécifiques ainsi que de découvrir des applications 

concrètes du chauffage par induction, avec la visite de plusieurs installations. Après ce séjour, un 

troisième temps (3 mois) fut consacré à la partie expérimentale. Ces essais portèrent sur deux 

différents sujets : 

 Chauffage par induction d’un acier au Bore revêtu, avant estampillage à chaud : Etude des 

revêtements Zinc-Fer et Zinc-Nickel. Ce travail fut effectué en collaboration avec Gestamp. 

 Chauffage par induction sélectif : Perspective de pièces possédant des propriétés mécaniques 

localisées autrement dit ; l’obtention de propriétés mécaniques supérieures sur un 

emplacement précis d’une pièce.  

Dans un souci de clarté, le travail effectué est présenté en différentes sections. Une première partie 

est dédié aux points théoriques sur le chauffage par induction ; points nécessaires pour la 

compréhension du rapport. L’induction étant un phénomène complexe, qui combine 

l’électromagnétisme ainsi que la thermique, seul le minimum nécessaire à la compréhension est 

donné dans ce document. Les lecteurs désireux d’en apprendre plus sur les points théoriques sont 

invités à consulter les nombreux ouvrages traitant sur ce sujet.  

La seconde partie du rapport est consacrée à l’état de l’art du chauffage par induction. Ce sujet étant 

vaste, certains points ont été sélectionnés vis-à-vis du projet et des activités de MEFOS. Des 

recherches traitent premièrement de l’utilisation du chauffage par induction dans le laminage à chaud 

des produits long et produits plats, puis sont suivis par l’utilisation du chauffage par induction dans 

l’industrie automobile. Le cas du chauffage des matériaux revêtus et traités en surface est ensuite 

présenté. Cette partie finie sur une liste (non exhaustive) des différents procédés disponibles basés 

sur le chauffage par induction.  

La troisième et dernière partie présente les essais qui ont été réalisés sur les sujets précédemment 

mentionnés : le chauffage par induction avant estampillage à chaud d’un acier au bore avec un 

revêtement Zinc-Fer et Zinc-Nickel, puis le chauffage par induction sélectif. 
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I. Theoretical background 

I.1. Physics and theory 

Inductive heating is a heating process of a conductive material, based on the electromagnetic 

induction. This part presents physics and theory of electromagnetic induction, followed by a 

presentation of the equipment required for an inductive heating installation. 

I.1.1. Physical principle of induction 

Electromagnetic induction was discovered by Faraday in 1831 and is the origin of inductive heating. 

The general definition of electromagnetic induction is the production of an electric current in a 

conductive material which is in motion in a magnetic field. Two types of induction can be observed 

regarding the referential, but they describe the same phenomenon: 

 Lorentz’s induction: it occurs when the magnetic field is constant with time and the 

conductive material is in motion. 

 Neumann’s induction: it occurs when the magnetic field flux varies depending on time, 

with a fixed conductive material. 

In case of inductive heating, Neumann’s induction occurs: an oscillating current is applied to the coil, 

which creates a time-variable magnetic field with the same frequency as the coil’s current, on its 

surrounding environment. Due to Lenz’s law (“An induced electromotive force (EMF) always gives rise 

to a current whose magnetic field opposes the original change in magnetic flux”), this magnetic field 

induces eddy currents in the work piece located inside the coil. These eddy currents (also called 

Foucault currents) have the same frequency as the coil current but opposite direction. They produce 

heat by Joule’s effect (R.I²) and the material is heated. 

Because of electromagnetic phenomena, the distribution of these currents are not uniform, a non-

uniform distribution of the temperature is created. 

Figure 1 – Principles of inductive heating 

 

An additional heating can be generated by hysteresis magnetic losses. Magnetic materials (it means 

materials which have significant relative permeability, as iron alloys or cobalt) tend to resist 
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alternating magnetic fields within the induction coil, and this results in a sort of “friction” which 

creates additional heating. It leads to a higher temperature increase rate. However, magnetic 

permeability depends on temperature, and disappears at a certain temperature called Curie point 

(Figure 2).  

 

Figure 2 – General trend of relative permeability depending on temperature[9] 

 

To sum up, there are two mechanisms of heating, depending on if the material is magnetic or not, and 

the temperature: 

 Low temperature: heating by Joule effect of induced currents, and heating by magnetic 

hysteresis losses if the work piece is magnetic. 

 High temperature: only heating by Joule effect of induced currents. 

The general mechanism of inductive heating can be summarized by three successive physical 

phenomena:  

1. Transfer of electromagnetic energy from inductor to the part to be heated – creation of 

eddy currents. 

2. Transformation of electrical energy (eddy currents) to heat by Joule’s effect. 

3. Heat transfer from the hot zone (surface) to cold zones (core) by thermal conduction  

By controlling all electrical parameters, and by knowing properties of the material to be heated and 

parameters of the equipment, it is thus theoretically possible to control temperature of the heated 

part. However, a large number of different parameters are involve in inductive heating, such as:  

 Properties (magnetic, thermal and electrical) and temperature of the part to be heated 

 Material and geometry of the inductor 

 Electrical parameters input (power, frequency) 

 Air gap between inductor and part to be heated 

 Relative position of the inductor against the part to be heated 
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Configuration of the system has to be chosen regarding the application (melting, welding, heat 

treatment) and the shape of the part to be heated. Regarding this configuration, eddy currents can be 

induced in the work piece direction, it is longitudinal-field heating, or in transverse direction of the 

work piece, it is transverse field heating. 

I.1.2. Characteristics of inductive heating 

Electromagnetic induction is governed by fundamental laws; the Maxwell laws. These laws describe 

the distribution of the currents and the energy which is dissipated into the part: 

                    
    

  
                 

 

  
        (1) 

   
   

 
                   

With      : Electrical field 

      :  Magnetic induction 

      : Current density 

       :  Density of electrical charge, and dielectric permittivity 

When inductive heating is used for industrial applications, there are mainly two characteristics which 

have to be taken into account, (a) the skin effect and (b) the power dissipated in the part.  

1. Skin effect 

The skin effect is an important notion which describes the rapid decreasing of the induced currents 

with the penetration in the material. Eddy currents tend to be concentrated on the surface of the 

material, it results that the power and therefore the heat is mainly dissipated on the surface (Figure 

3). This skin effect is largely depending on the frequency and the properties of the part to be heated. 

This skin effect is characterized by a certain thickness, called “penetration depth” (Eq. 2 – Theoretical 

expression). The penetration depth corresponds to the thickness where 63 % of the current density is 

dissipated, or 87 % of the power. 

 
Figure 3 – Depth penetration; Definition 

    
 

        
 (2) 

With      : resistivity of the material 

     : magnetic constant 

   : relative permeability  

  : frequency 
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However, it depends on the nature of the material (resistivity and magnetic properties) which also 

depends on temperature. It results in a complex evolution of the power transmission and therefore, of 

the heating, with different phases. The case of inductive heating of magnetic steels gives a good 

overview of this complex evolution (see Figure 4). 

 First, at low temperature (T<TCurie), the work piece is fully in the magnetic phase. The 

permeability of the material is medium, it results in quite thin skin thickness – the power is 

more concentrated on the surface. With an increase of the temperature, the permeability 

increases, which decreases the skin thickness, and the power is concentrated on a thinner 

thickness. 

Remark: The temperature increases on the work piece, but not uniformly, the core is heated 

by conduction from the surface.   

 Then, the temperature reaches Curie point, there is an intermediate phase, with non-magnetic 

phase on edges, and magnetic phase on the core (in the core it is still  T<TCurie). The 

permeability is equal to 1, which gives a larger penetration depth.  Heat is now concentrated 

on a larger thickness. 

 

 By increasing the temperature more, the work piece is now fully non-magnetic, the depth of 

penetration is larger, and the transmitted power is on a larger thickness. 

 

Figure 4 – Power distribution for a magnetic steel billet versus its radius (circular shape, d = 12 cm, f= 300 HZ) [7] 

 

Notice that the resistivity changes also with temperature. Because of inductive heating involves a 

large number of different parameters which are depending on temperature, its modeling is quite 

complex and requires numerical analysis, based on Finite Element Method (FEM). 

2. Power dissipated in the part 

The power transmitted to the part by the inductor is one of the most important data to be known. As a 

first approximation, this transmitted power can be calculated from Maxwell’s equation, but it is based 

on some assumptions: 
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 Uniform magnetic field 

 Homogeneous medium 

 Infinite simple geometry (infinite cylinder or plate) 

The obtained expression of the transmitted power, following these assumptions and Maxwell’s 

equations is: 

     
  

 
            (3) 

With      :  resistivity of the material 

    :  penetration depth 

  :  surface area of the part  

  :  effective magnetic field created by the inductor 

  :  “Active power coefficient” (coefficient of transmitted power) 

 

This F coefficient depends on d/p – the ratio thickness of the work piece (or diameter in case of 

cylinder) over penetration depth. Its evolution is given in the Figure 5. 

 

Figure 5 – Evolution of Active power coefficient F [7] 

By increasing the frequency, it has been shown 

that the penetration depth decreases. It also 

increases the transmitted power. Indeed, the 

reduction of the penetration depth increases 

the ratio d/p, which leads in a general way to 

the augmentation of the active power 

coefficient (Figure 5). However, in the same 

time, the increase of frequency leads to a 

concentration of eddy currents on the surface, 

which is only suitable in case of surface 

hardenning for instance.  

In order to get a “good” heating of the work 

piece, a compromise has to be found, between 

the maximum power and the rate of heating 

(high frequencies give high transmitted power, 

but mainly on the surface, the core will be 

heated by conduction – low frequencies give 

uniform heating but more slowly) and can be achieved with a F coefficient of 0.7-0.8. 

It is interesting to know the power transmitted to the part, but for industrial applications, the 

important parameter is the power to be applied to the inductor as input in order to reach a certain 

temperature on the work piece. Between the application of a certain electrical power at the input of 

the system and the real power obtained on the part, a part of the energy is lost, essentially due to (in 

the order of apparition): 

 Power lost by Joule effect on the inductor 

 Power lost in the air gap 

 Power which is not transmitted to the work piece 
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Because of the system consists of a coil with a load1 (work piece), it contains inductance, and 

therefore active power. Each power (active or reactive) of sub-part of the system (air gap, load, and 

inductor) can be expressed, but this report does not cover this1. The general efficiency in case of a 

classical solenoid can be expressed by the following formula:  

  
 

   
  
 
 

 

   
 
 

 
 
  
  
 
 

 
 
  
  

        (4) 

With:    :   Resistivity of the metal of the inductor 

     :   Resistivity of the metal of the work piece (load) 

    : Relative permeability of the work piece 

   :   Active power coefficient (depends on geometry) 

             : Perimeters and lengths of the inductor and the work piece (load) 

  :  Space factor of turns 

I.2. Equipment  

I.2.1.  General equipment required for inductive heating installation 

Every inductive heating installation contains following devices: 

 Transformer 

 A low-frequency source, with a converter (generator) 

 A cooling system (for the inductor and the frequency converter) 

 A control and command system 

 A system for the work piece handling  

 Capacitors associated with one (or more) inductor 

Generally, transformer and frequency converter are in the same device, just called generator, and 

capacitors and inductor are connected in another device. The cooling system can be integrated or 

separated from the system (see also Figure 6). 

 

Figure 6 – Simplified inductive heating installation 

 
                                                             
1 Readers interested in further development on the transmitted power; active power and other, 

should consult the paper “Principle and design of induction heating installation” by Fives Celes [7], or 

any other paper dealing with principles of inductive heating. 
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The frequency source works generally about 50-60 Hz, but for most applications the work frequency 

is higher. The wide range of frequencies can be covered by different type of converters: 

 Thyristor converter 

o Range of frequencies:  100 Hz – 10 kHz 

o Range of power:  up to 10 MW 

o Efficiency 90 – 97 % 

 

 Transistor converter 

o Range of frequencies:  up to 500 kHz 

o Range of power:  up to 500 kW 

o Efficiency 75 – 90 % 

 

 Vacuum tube converter 

o Range of frequencies:  up to 3000 kHz 

o Range of power:  up to 1200 kW 

o Efficiency 55 – 70 % 

It is important to notice that an installation works at one (eventually two) frequency, which is 

governed by the association capacitors + inductor. Inductor has to be considered as a tool. Generators 

are often made to work on a certain range of frequency, and it permits the installation of different 

capacitor + inductor system (specified regarding the application) with a “standard” generator.  

The cooling system for the converter is generally integrated with it, and can be air-cooled or water-

cooled system. To cool the inductor, most of applications use a hollow inductor (copper tube) which 

is through by water or other cooling fluid. It permits a low-cost cooling system with high efficiency. 

To handle the work piece, different systems exist and are designed all dependent of the application.  

I.2.2. Different types of inductors 

Inductors are designed according to the application, its design is the key to get an optimal heating. 

Generally, inductors have simple shape with square or round section, but complex shaped work 

pieces can be well treated by inductive heating even with “simple” shaped inductors (a gearwheel is 

for instance treated with circular inductor). A pre-analysis with FEM is often required to provide 

prelimininary results, in case of simple shape, but trials and experience is often necessary. The Table 

1 (next page) gives the most commonly used inductor shapes based on industrial applications 

Recently, a new type of inductor has been developed by the company Fives Celes, based on high flux 

induction heating. This inductor, called CELINE©, generates high-intensity magnetic field, with low-

loss conductive composite multi-layer winding, and permit the mass re-heating of a wide range of 

work pieces: round or square billets, tubes, thin slabs. This new technology presents several 

advantages with a high power density (4-6 MW/m²), a high efficiency (85% above the Curie point), a 

limited space required, and it can be used for different applications: 

 Treatment of steel in non-magnetic phase (above Curie point), copper or aluminum alloy 

 Re-heating before breaking down or finishing line 

 Utilization as booster in existing furnace 

In comparison with other technologies, this CELINE© inductor presents limited energy consumption. 
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Table 1 – Most common inductors 

Name Shape Application 

Long multi-turn 
cylindrical solenoid 
inductor (L>>D) 

 

Continuous heating of bars, crucible 
heating. Round or square section of 
the tube 
Homogeneous load of temperature 

Short cylindrical 
inductor (L<D) 

 

Used for high power density, with 
localized heating: heat treatment, 
brazing 
Round or square section of the tube 

Single turn 
inductor 

 

Continuous hardening of shaft. 
Required precautions, regarding the 
length of connection 
Can be used with compensated 
connection (insulator between 
connections) or double layer tube, to 
avoid loss of inductance2  

Flat solenoid 
inductor 

 

Continuous heating of strips or 
billets. Very thin air gap between 
work piece and inductor 
Problem: non uniform field, more 
intense at edges, which lead to non 
uniform temperature distribution 

Flat coil inductor 
(Pancake) 

 

High efficiency with the small gap 
Heating of flat surfaces 

Hairpin inductor 

 

Hardening of blades, or bars only on 
edges. 

Internal inductor 
(Pig’s tail) 

 

Treating of holes and bores. 
Not homogeneous heating, smaller 
diameter on the ends can be used to 
overcomes it (right sketch) 

Transversal flux 
inductor 

 

Continuous heating of strips 
Transverse flux, very efficient heating 

 

 

                                                             
2 Under load, inductance will decrease, especially with long connections, due to distance between connections. 
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I.2.3. Materials for work piece 

A large range of materials can be treated by inductive heating, because it can be applied on all 

conductive materials. All metals can be heated, especially magnetic materials as it has been shown 

previously – due to magnetic hysteresis losses – but also glass and oxides (ceramics). Indeed, their 

resistivity decreases with temperature, to reach 1 to 10 Ω.cm-1 at 1500°C due to the ionic 

conductivity, and permits to melt them by induction. Direct coil induction heating is actually used and 

permits the melting of glass, oxides and salts, in a skull crucible, with relatively high efficiency. 

Inductive heating can also serve in certain type of composites. Composites made of carbon fiber can 

be formed because of the conductivity of the carbon. 

I.2.4. Advantages, drawbacks of inductive heating, problems and practical issues 

In comparison with other types of heating (gas heating, furnace, and flame), induction heating 

presents several advantages: 

 Accurate heating in term of amount of heat applied and area of heating 

 No contamination of the treated part(non-contact heating) 

 High heating rate and high efficiency 

 No thermal inertia 

 Wide range of materials and shapes for the treated part 

 Small space required 

All of these advantages lead to more cost- and energy-efficient processes in comparison with other 

“conventional heating” methods. However, inductive heating requires high initial investment 

especially for applications at high frequencies or high power. The process needs to be well controlled, 

to avoid overheating or non-desired heating of a certain zone. Experience or numerical tools are often 

required, in order to predict behavior of the heating cycle before each application.  

Finally, security concerning induction is important, indeed, inductive heating can lead to several 

problems in addition to those of conventional heating (risk of burns, fire):  

 Electrical shocks, due to induced current in the work piece and its surrounding environment 

 HF frequency generation which can lead to interference with apparatus (network, computer, 

control system) 

 Magnetic field generation which can lead to dysfunction to pacemaker and other electrical 

devices 

Hazards from induction are not actually well-known, but a correct HF protection is required. 

Inductive heating devices contain normally these protections. 

References 

Articles 

[1] Callebault J.,  Chauffage par Induction, Section 7 Efficacité Energétique, Leonardo Energy 

(2006). 

[2] Charest P, Adam N., Pal Singh J., Zak A., Tailored properties by post hot forming processing, US 

Patent n°2011/0315281 (2011). 



 

Industrial solutions for inductive heating of steels 

 

21 
 

[3] Develey G., Chauffage par induction électromagnétique : principe, D5935, Techniques de 

l’Ingénieur 

[4] Develey G., Chauffage par induction électromagnétique : Technologie, D5936, Techniques de 

l’Ingénieur 

[5] Durukan I., Effects of induction heating parameters on forging billet temperature, Thesis, Middle 

East Technical University (2007). 

[6] Fisk M., Simulation of induction heating in manufacturing, Licentiate Thesis, Lulea University of 

Technology (2008). 

[7] Fives Celes, Chapter 1 – Principle and design of induction heating installations. 

[8] Fives Celes, Chapter 2 – The most common inductors used for induction heating. 

[9] Hopkinson J., Phil. Trans. Roy. Soc., 1889, pp. 443-465 redesigned, available on webpage “Effet 

Hopkinson” on Wikipedia.org. 

[10] Mehdizadeh M., Chapter 7 – Magnetic field and inductive applicators and probes at high 

frequencies, Microwave/RF Applicators and probes for material heating, sensing, and plasma 

generation (2010). 

[11] Miller,  Mesure de sécurité pour le chauffage par induction 

[12] Psyk V., Risch D., Kinsey B.L., Tekkaya A.E., Kleiner M., Electromagnetic forming –A review, 

Journal of Material Processing Technology 211 (2010) 787-829. 

[13] Rudnev V.,  Induction heating serves today’s forging industry, Science and Technology, 

Inductoheat Inc (2006) 

[14] Rudnev V., Recent inventions and innovations in induction heating technology, Science and 

Technology, Inductoheat Inc. 

[15] Rudnev V., Loveless D., Cook R.,  Handbook of Inductive Heating, Manufacturing Engineering and 

Material Processing (2003). 

[16] Sinclair I., Chapter 5 - Inductors and Inductive component, Passive Components for Circuit 

Design p 125-157 (2000). 

[17] Zinn S., Semiatin S.L., Coil design and fabrication: basic design and modifications, Heat treating 

(1988). 

[18] Zinn S., Semiatin S.L., Coil design and fabrication: part 2, specialty coils, Heat treating (1988). 

[19] Zinn S., Semiatin S.L., Coil design and fabrication: part 3, fabrication principles, Heat treating 

(1988). 

Websites 

[20] Ameritherm Inc., www.ameritherm.com 

[21] Fives Celes Group, www.fivesgroup.com/FivesCeles/ 

[22] IOP Induction, www.iopinduction.dk 

Other papers 

[23] EFD Induction, Induction heating applications, the processes, the equipment, the benefits, 

www.efd-induction.com. 

[24] GH Induction Atmosphere, The Induction heating Guide, www.inductionatmospheres.com. 

Artuso I., Dughiero F., Lupi S., Lainati A.,  Intermediate induction reheating in rolling mills for 

optimum temperature distribution, www.ate.it.  

Softwares 

[25] CES Edupack 



 

 

 



 

 

  

PART II  

– 

STATE-OF-THE-ART 



 

Emile HAYE 

 

24 
 

II. State-of-the-art: Actual solutions for inductive heating of steels 

II.1. Investigations on inductive heating in hot steel rolling 

In hot rolling process, a component with a large section is heated up and then, rolled to reach a 

smaller section by a series of rolling steps (Figure 7). However, there are lots of steps and during 

those a large part of heat can be dissipated and the component has often to be reheated during the 

process. Besides, this dissipation is not uniform in the component; edges tend to be cooled down 

quickly. It results in a non-uniform temperature field, which can cause premature wear on rollers.  

 

Figure 7 – Hot rolling process; simplified schema 

The aim is to have the temperature field as uniform as possible for a better control of the rolling 

process. Inductive heating is often used to reheat the whole work piece, or only their edges. 

Characteristics depends on the type of product, long and flat products or strips. 

II.1.1. Strip and plate rolling 

Inductive heating of steel sheets requires higher frequency because of the low thickness of the parts 

to be heated. It has been shown previously that eddy current flows in opposite directions in the upper 

and lower sides of the work piece. By considering a sheet with rectangular section, if the thickness is 

reduced until a certain value, eddy current of both sides, induced by longitudinal-field heating 

(solenoid inductor) will start to extinguish each other. This phenomenon appears with a thickness of 

approximately      , with p as the depth of penetration. With a thickness lower than       , the 

currents are so attenuated that no heat is generated.  

By using the equation of the penetration depth (2) presented previously, it is possible to define 

minimum frequency which has to be used for the heating of sheet material: 

         
   

 
 
 
 
 

   
      (5) 

This equation can provide a curve with the minimum of the frequency required for the reheating of 

steel sheet during rolling process, depending on thickness.  

This loss of efficiency is also depending on the temperature: because of at Curie point the 

permeability decrease dramatically, a high increase of penetration depth occurs and the sheet starts 

to be “saturated”: no heating is achieved.  

The longitudinal flux heating (case of solenoids) is largely used, for its low cost and quite simple and 

well-known characteristic, for applications until 700°C. At temperatures higher than the Curie point, 

transverse flux heating is mainly used (Figure 8). By using a flat inductor, set parallel to each side of 

the strip, the magnetic field goes through the sheet and provides high efficiency. This configuration 
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has the same efficiency whatever the temperature (it can also be used at temperatures lower than the 

Curie point), but the installation requires higher cost than longitudinal flux heating installations.  

 

Figure 8 – Scheme of transverse flux heating system 

Because of edge effects, heat is concentrated on edges, and the temperature will rise faster. The aim is 

to obtain an uniform temperature distribution along the width to avoid distortion and deformation of 

the sheet. To do this, the inductor has to be designed properly, by using the correct power, but it can 

require numerous of experiments. Different articles and studies have been published about 

transverse flux inductive heating of thin sheets, ([12],[13],[16] and [24]) and shows that transverse 

flux heating can be optimized by using transverse flux models coupled with algorithms in order to 

obtain a homogeneous temperature distribution in the strip. Different calculations issued from these 

articles have shown results corresponding with practical tests. By this way, calculations to find best 

parameters of the induction heating process(frequency, inductor configuration) of a strip, which 

leads to certain cost- and energy-saving process can be performed.   

The transverse flux heating is actually still under development for large industrial processes 

requiring high productivity, as rolling lines. One demonstration device has been recently realized by 

the company Fives CELES (2010-2012). This “EcoTrans Flux” has permitted to demonstrate the 

utilization of transverse flux for the heating of sheet from 20° to 850°C, with a constant power, in high 

speed production. A system with moving plates of copper and concentrators permits a regulation of 

the magnetic field to have a homogeneous heating of the sheet. A difference of +/- 3% is actually 

achieved and tends to be decrease by the amelioration of the process.  

II.1.2. Rolling of long products 

In case of rolling of long products, as in case of forming of billets, slugs or bars, a part of heat is 

dissipated and material has to be reheated many times to make the forming easier. But there, because 

of the section is thicker, core of the material has also to be reheated. Generally, medium and low 

frequencies from 100 Hz to 20 kHz are used. The heating can be provided by different methods 

(Figure 9): 

 Static heating: the work piece is set in an induction coil for a certain time until the component 

reaches the desired heating conditions. Then it is extracted from the induction heater and 

transfered to the forming station. 

 Progressive multi-stage heating: the work piece is moved through a single coil or multi coil 

induction heater. The component is heated sequentially. 

 Continuous heating: the work piece goes continuously through an induction coil. This method 

is particularly suitable for long product.  

 Oscillation heating: the work piece is heated through an induction coil with reciprocating 

motion (back and forth) 
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Figure 9 - Basic heating modes used in induction mass heating [21] 

Generally work pieces with different section can be rolled in the same rolling line. It leads to several 

problems: 

 An inductor and work frequency is adapted for a particular type of section. It is 

obvious that induction heaters cannot be changed every time the section changes. 

 By heating the whole component, there is a change of properties, especially the loss 

of magnetic properties above the Curie point. The efficiency of the induction heater 

decrease dramatically from this temperature.  

One concept which has been recently developed is the utilization of dual- or multi-frequency system. 

The induction heater remains the same, but two or more work frequencies can be used. This solution 

overcomes these problems; during the initial heating, when the work piece keeps its magnetic 

properties a low frequency is used. Then, a higher frequency is used to increase efficiency of the 

system.  

Actual available commercial heating systems for bars and billets integrate these configurations, and 

gives an optimum control of the process, and enables an uniform field of temperature, even on work 

pieces with different section. 

II.2. Inductive heating in automotive industry 

Because of inductive heating presents numerous advantages and facilities to be automated, it is 

largely used in automotive industry. In this part, two aspects are described, the utilization of 

inductive heating in case of hardening, and the selective induction heating on sheets. 

II.2.1. Surface hardening – Case of induction heating followed by quenching  

Quenching process is a hardening process known for a long time. It is usually achieved after different 

type of heating, but inductive heating is also well adapted. It is nowadays largely used in automotive 

industry, especially for complex parts as crankshafts or gears. Induction quenching is really practical 

because quenching can be carried out on superficial layer, in order to increase surface properties 

(wear or strength), while keeping toughness of the core. The treatment can be achieved by four 

methods or heating modes (Figure 10): 

   Static (Single shot)        Progressive 

   Scanning      Pulse heating 
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In case of static heating, the inductor is set and the work piece is heated. To provide a more 

homogeneous heating, the work piece can eventually be in rotation, in case of simple shape. When 

referring to scanning heating, the work piece (or the inductor) is moving continuously during heating. 

During scanning heating, the treatment is achieved by several steps and the work piece is 

progressively heated. Heating can also be applied by several short pulses, with a certain time before 

each one. During these short delays, heat is conducted to the part by conduction. This mode is called 

pulse-heating  

 

Figure 10 – Different methods of heating 

As for any application, the work frequency depends on the desired depth of the treatment and on the 

dimensions of the work piece. Table 2 gives approximate values of frequencies required. 

Table 2 - Examples of frequencies for various case depths and material diameters [20] 

Case depth (mm) Bar diameter (mm) Frequency (kHz) 

0.8 – 1.5 5 – 25 200 – 400 
1.5 – 3 10 – 50 10 – 100 

> 50 3 – 10 
3 – 10 20 – 50 3 – 10 

50 – 100 1 – 3 
>100 1 

Noticed that each case is different; the important factors which have to be taken into account are the 

temperature distribution, quenching conditions, and characteristic of the metal (microstructure, 

composition, grain size).  

The treated depth depends on the frequency, and by increasing the work frequency, in a general way 

the cost of equipment increases too. The work frequency has to be chosen correctly to get the most 

economical process. As a rule of thumb, the work frequency can be found from this condition: 

 
 

   
 
 
          

  

   
 
 

 [20]   (6) 
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With     the desired treated depth. In case of a treated depth of 3 mm, for instance, the work 

frequency should be between 2.78 and 28.44 kHz.   

In order to avoid distortion of the final part due to heating, the heating time has to be as short as 

possible, but there are some restrictions. If the power is too high, with a high frequency, the 

treatment will be too short, and the gradient of generated stresses will be too sharp, which can lead to 

cracks apparition. On the other hand, if the treatment is too long (low power and too low frequency), 

the treated depth will be too thick, and the toughness of the core will be lost, with distortion.  

 

Figure 11 – Influence of the frequency on surface hardening 

By using some numerical calculations or graphs depending on the geometry and thickness, it is 

possible to find the optimal power and frequency, and heating cycle.   

II.2.2. Selective induction heating of sheets 

Actually, another way of development is to treat only a certain part of a component, to give tailored 

properties on it. A structural component (B-pillar for instance) is generally made of high strength 

steel, and can have a tensile higher than 1500 MPa, but with relatively low elongation. It is possible to 

increase crash performance on structural components, by introducing a higher elongation on parts 

which will absorb the deformation, but with keeping the strength of the component where it is 

required (protection of the driver - upper part) (Figure 12).  

 

Figure 12 – Structural component of a car; example of B-pillar 

B-pillar of a car can be improved by this way, with tailored properties. Actually, these components are 

manufactured by hot stamping. Hot stamping can be performed by two different ways; direct and 

indirect hot stamping. In case of direct hot stamping, a blank of steel is heated, and then transferred 

to a press. The press forms and subsequently quenches the part. In case of indirect hot stamping, the 

blank is cold preformed. By this method, complex components can be made with high properties 

(high strength); and tailored properties can be achieved by different methods directly during the 

process. The most common method is to use a “warmer” part of the tool, which leads to a lower 
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cooling rate, and decreases the amount of martensite in the final part. Other methods to decrease the 

cooling rate exist (Figure 13), but the aim is the same. The obtained part presents a zone with high 

strength and low elongation, which permits to remain intact in case of crash and protects the driver, 

and another part with higher elongation but lower strength which is adapted to absorb deformation 

energy. 

 

Figure 13 – Different methods for hot stamping of the parts with tailored properties [8] 

However, these methods require complex tools, with the difficulties of the thermal control, especially 

in transition zone. Inductive heating, with its accuracy has a big potential with post heat treatment of 

hot stamped parts or directly during the process. The study of Kolleck et al.[10] shows that inductive 

heating used with two steps instead of conventional heating (convective heating) leads to similar 

results with approximately same amount of martensite and same microstructure. Resistance heating 

is also in development to create parts with tailored properties during forming process, and results 

seem to be conclusive, regarding the study of Mori et al. [15]. However, only few studies or articles 

deal with “selective heating” and tailored properties achieved with inductive heating. A recent patent 

(“Tailored properties by post hot forming processing” ) filed by Charest et al. [5] presents a method of 

forming, from an initial blank, with different steps: hot forming, press hardening, followed by a first 

tensile test. Then, a post hot forming is applied on a selective area with another cooling. The treated 

zone presents a lower strength. 

In a hypothetic process of selective treatment, inductive heating could be used in two different ways: 

 Method 1: Tempering after quench on a localized zone Figure 14 – 1) 

 Method 2: Heating on localized zone, then quenched (Figure 14 – 2) 

 

Figure 14 – Method for selective inductive heating 
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Concerning this selective heating, it should be important to protect the non-treated zone. It can be 

achieved by using water with continuous flows or cooled-material clamped on this non-treated zone. 

Thereby the temperature does not change and the heating is much localized. It is also possible to use 

concentrators which concentrate the magnetic field (Figure 15). Those can be made of thin plates of 

magnetic steel for low and medium frequencies and of agglomerated magnetic powder in case of high 

frequency. 

 

Figure 15 – Effect of concentrator 

Concentrators are actually used, but in case of continuous heating of strips for instance. These 

concentrators are set along the whole width of the part to be heated, but they can also be used in case 

of selective heating, they just need to be designed properly. Nevertheless a part of the non-treated 

zone can be heated by conduction. 

A third hypothetic way to protect the non-treated zone should the using of a strap or a tape which 

should stop magnetic field. However, no information were found on this topic.  

The combination of a concentrator on the treated zone with a cooling system of the non treated zone 

seems to be a good method for an optimal selective heating, by preventing the direct inductive 

heating of the non treated-zone, and the indirect heating of it by conduction. 

II.3. Influence of surface treatment & coating on inductive heating 

Another interesting point of the literature survey was to look after the heating of coated or surface 

treated materials. Inductive heating is often used as surface treatment (e.g. surface hardening) but in 

some case, it could be used as post-treatment on coated materials. Boron steels for instance, are often 

used with Al-Si coatings for hot stamping (anti-wear properties). As it was described in section II.2.2. 

selective heating could be applied on these hot stamped coated steels to manufacture parts with 

tailored properties. 

However, actually only few studies have been carried out on this subject. Only particular cases of 

post-heating of hard coatings were studied. Pantleon et al. in 1999 [18] have studied the post-heating 

of hard coating deposited by CVD (TiN coating), in order to restore properties of the substrate 

(because of high temperature deposition, it affects microstructure of the substrate). Results show that 

the properties of the substrate have been improved with generation of compressive stresses without 

losing properties of the coating.   

In the study of Chang et al. [4], inductive heating was used directly to manufacture a Ni-based coating. 

The coating was melted on the steel substrate (AISI 4140) in a vacuum chamber, with induction 

heating.  Results show a correct adhesion of the coating, but if the treatment lasts too long at high 

temperature, the coating is partially diluted to the substrate (too large diffusion of the coating).  

Another study (from Brunelli et al. in 2009 [3]) has been carried out on the influence of inductive 

heating with Ti6Al4V alloy coated with Ni-B. There, inductive heating was used as post treatment to 

increase diffusion of the coating.  
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Nevertheless, no more studies or investigations were found on the influence of inductive heating on 

coatings and surface treatments. That is one of the reasons that some experiments will be carried out 

on this topic. 

II.4. Actual available industrial processes based on inductive heating 

This part presents a review of actual industrial processes using induction. This review is not 

exhaustive, and is based on [26]. 

II.4.1. Heat treatments by induction 

Induction can be used for heat treatments of metals and alloys, superficial or in-core. In addition of 

hardening (Section II.2.1) all conventional heat treatments can be achieved by inductive heating: 

tempering for stress relieving, annealing, and normalization. Treatment can be done on surface or in-

core, depending on the power and the frequency. By controlling electrical parameters it is possible to 

control accurately the temperature of the metal. Usually, the temperature of the treated part is 

controlled with optical pyrometer, or pyrometric paint.  

 

Figure 16 – Superficial heat treatment by induction 

Treated parts can have simple or quite complex shape, the inductor have to be design regarding the 

shape of the treated part. Typical applications are the hardening of gear teeth, connecting rods, and 

treatment of billets and tubes. In case of superficial treatment, it is important to have a short heating 

time to avoid transformation of the core and distortion of the component. 

II.4.2. Induction welding 

Induction welding is commonly used to produce tubes and closed profiles made of steel, aluminum or 

copper.  First, rollers are used to form the desired shape; the products are then transferred to be 

heated by induction. The contact point, provided by work rollers, is situated at the level of induction 

coil, where eddy currents are generated. With high temperature, both edges of the pre-formed tube 

are welded (Figure 17). 
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Figure 17 – Tube welding by induction  Figure 18 – Polymer induction welding 

This process presents several advantages as high rate of welding (100-150 m/min), quality and 

regularity of the weld, and low power consumption compared to other processes. However, welding 

is almost limited to tubes and simple shape profile.  

Table 3 – Pros and cons of induction welding 

Pros Cons 

High rate production 
High quality of final product 

Automated process 
Possibilities to weld large sections 

Limited to tube and pipe industry 
 
 
 

A different process exists for polymer induction welding (Figure 18). The process consists of welding 

two (or more) components made of polymer with a metallic implants. This implant is heated and 

melts surrounding polymer and by applying a pressure, components are welded together. It can be 

used for every type of thermoplastic polymer and thermoplastic composites. In some cases, a metallic 

implant is not required if the polymer contains some conductive materials, as for instance, 

thermoplastic composite with carbon fibers. One of the direct applications is the cap sealing of food 

pots. 

II.4.3. Induction forging 

Inductive heating can also serve for forging. Here, induction is used in order to heat the part to be 

forged. Generally, a furnace is used, with refractory materials to avoid heat losses. Then, compressive 

forces are applied by hammer (Figure 19). 

 

Figure 19 – Induction forging 
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Because of the heating is applied on the whole part (until in-core), low frequencies are used, with 

high power. Different types of inductors can be used, coiled or flat, depending on the geometry of the 

part. In comparison with convective heating, inductive heating presents higher efficiency. 

II.4.4. Thixoforming 

Thixoforming or semi-solid forming consists of the injection of a semi-solid metal (it means its 

temperature is between liquidus and solidus; Tsolidus < T(°C) < Tliquidus) under high pressure, in a mold 

(Figure 20). This process is mainly used for aluminum or magnesium alloys, and permits the 

manufacturing of complex shaped components. Inductive heating is used to heat the part because of 

its rapidity and accuracy. It gives correct homogeneity of temperature and eliminates thus eventual 

porosities (no formation of turbulences).  

Figure 20 – Induction thixoforming 

II.4.5.  Induction melting 

Inductive heating serves also to melt matter. The inductor is set around the crucible, made of 

refractory materials, which contains the metal to be melted. Eddy currents are induced to the 

material where the temperature raises until melting. The melted metal is stirred at the same time, 

which homogenizes the bath. A spout permits the transfer of the melted metal (Figure 21). However, 

because of stirring of melted metal, refractory surfaces are subjected to high wear. 

This type of furnace is often used in casting process, but also for non ferrous metal, such as pure 

aluminum or pure silicon. In some particular applications, vacuum chamber can be used (e.g. 

application to avoid oxidation reaction). 

 

Figure 21 – Induction melting 
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II.4.6. Cold crucible melting 

Cold crucible melting also called levitation melting is an alternative of the previous application. In this 

case, the inductor becomes the crucible, where the matter is in levitation, due to the shape of inductor 

and magnetic forces. This technique is used to melt material with a very high melting point, to 

produce special material, without any contamination from the crucible. Nevertheless, it requires high 

cost equipment, because of the high power and it is limited to a small amount of material melted.  

II.4.7. Induction Brazing 

Brazing is a joining-process of two components with a third one (filler) which has a lower melting 

point. The filler is set surrounding components to be brazed, then heated. The filler melts and diffuses 

to the other components by capillarity forces. When it is cooled, two work pieces are joined together 

(Figure 22). 

 

Figure 22 – Induction Brazing: example of steel valve brazed on brass tube  

Brazing can be achieved with different tools, but induction is well-adapted for this process because it 

is possible to apply the heat required to melt the filler metal, in a precise area. The high speed of 

heating combined with various type of inductors permits to braze precisely and avoid distortion of 

surrounding material. The range of temperature of brazing goes from 30 to 1200°C, and high 

frequencies are used (shallow heating). When the filler metal has a melting point below 450°C, the 

term soldering is used, but it is the same process. High temperature brazing gives stronger bonds and 

presents better properties (against vibrations, shocks or temperature change). 

For a correct brazing, components have to be cleaned before, and the two components have to have 

the same temperature, otherwise premature failure can occur. A flux is commonly used to eliminate 

oxides before and during the process, and decrease the surface tension to give better flow and 

wetting. 

Table 4 – Pros and Cons of induction brazing 

Pros Cons 

Liquid and gas-tight 
Speed operation – adapted for mass production 
Versatile process (Brazing gun/ Table/Furnace) 

Fast heating cycles 
Dissimilar material (also ceramic) 

Flux required to avoid contamination 
Special attention for dissimilar material 

(difference of thermal expansion coefficient) 
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II.4.8. Induction shrink fitting 

Shrink fitting permits the joining of two pieces, by using thermal expansion. The first part A (e.g. 

bushing) is a bit smaller than the part B, on which it will be fitted (e.g. shaft). The first part is heated 

by induction, and swells due to thermal expansion. Then, it is set on the second part and cooled. The 

part A is fitted on part B, due to the shrinkage during cooling to the initial temperature (Figure 23). 

With accuracy of inductive heating, the increase of temperature is well-controlled. 

 

Figure 23 – Induction shrink fitting 

II.4.9. Other processes and future development 

A number of other processes based on inductive heating exist, in all different fields. Inductive heating 

can also serve to manufacture optical fiber for telecommunication, to bond metal and polyester for 

packaging, to seal aluminum covers on jars of food products (e.g. yoghurt), and in medical 

applications to eliminate cancerous cells by hyperthermia. Because it is an economical process in 

comparison with conventional heating, with a high accuracy, many processes in which it is used have 

been created. Actually, research focus more on the development of the numerical tools, with the new 

calculations models, on the control of the heating (power, frequency) especially on complex parts, and 

its application on different type of material. Some actual research are also about the amelioration of 

inventers, to increase the range of frequency and power, with a more accurate control of it. 
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Experimental part – Introduction 

High strength steels, generally alloyed with Boron and Manganese, manufactured by hot stamping, 

are an appropriate solution satisfying the lightweight and safety demands in automotive industry. By 

austenitization at around 900°C, and subsequently form and quench, a tensile strength higher than 

1500 MPa can be achieved on Boron steels. However, during the austenitization, a decarburization 

and scale formation can occur by the presence of Oxygen. Some coatings based on Aluminum and 

Silicon have been developed to prevent this decarburization and prevent wear of the tool during the 

forming. This type of coating is very efficient but only limited to protection during the forming 

operation, or a short time after. Because of the protection against corrosion is necessary for the 

automotive parts, Zinc based coatings, well known for their anti-corrosion properties, tend to be 

associated to hot stamping process, in order to increase life-time of these structural components. The 

first part of experiments focus on the possibility to heat two different Zn-based coatings via induction 

heating.  

Another interesting point of hot stamping process is its tailored properties achievement possibilities. 

Some structural components can be improved by applying localized microstructure changes: a B-

pillar could contain an upper part with very high strength in order to remain intact in case of crash, 

with a lower part having high deformation capacity, in order to absorb the energy of the crash. 

However, the manufacturing of these tailored properties components requires complex die-tools, 

with different inside-temperature to achieve different cooling rates. Besides, the transition zone is 

sometimes difficult to control. The inductive heating presents there a large advantage by its localized 

and accurate heating, as integrated or post treatment. The second part of the experimental work is 

devoted to it: the “selective inductive heating” of Boron steel sheets and the study of its transition 

zone. Figure 24 summarizes the link between the industrial process and the manufacturing of a B-

pillar with tailored and anti corrosion properties and the trials done on both subjects. 

 

 

Figure 24 – Sketch summarizing the experimental part: link between industrial problem and trials done 

 



 

 

  



 

 

  

PART III.A 

– 

Inductive heating of Zn-Fe coated Boron steel 



 

Emile HAYE 

 

44 
 

III. Inductive heating of Zn-based coated Boron steel – Case of Zn-Fe 

coating 

Introduction 

The current part presents tests which have been carried out at LTU on Zn-Fe coated Boron steel. This 

work was asked by Gestamp, with an aim of reducing the total time of heating of Zn-coated Boron 

steel before hot stamping, by using inductive heating (or combination inductive heating – boosting – 

and furnace heating).  

In parallel of these tests investigations were done about the metallurgy of Zn coating, and the heating 

of Zn-coated material. Unfortunately, because of the inductive heating of Zn coating Boron steel is 

actually in developing, limited amount of information is available on this topic.  

III.1. Materials & equipment 

For the tests, Zn-Fe coated Boron steel sheets were delivered by Gestamp. It is high strength Boron 

steel (22MnB5) with Zn-Fe coating. General information of the materials are given in Table 5.  

Table 5 – Characteristics of materials 

Coating type Zinc/Iron Galvanneal 
General composition 90% Zn – 10% Fe (in av.) 
Thickness of the coating ≃11 µm  
Substrate Boron steel (22MnB5) 
Size of samples 40 x 10 x 1.8 mm 

Mechanical properties of the material are not important for tests, just noticed that the substrate is 

magnetic below the Curie point (≃ 760°C) 

The equipments used in the inductive heating were: 

 Cooled flat inductor Minac (Elva), with a work frequency of 15 kHz. The inductor is 

rectangular and its approximate size is 20x5 cm, transverse flux heating. 

 Holder made of refractory and inert material (porous ceramics), which does not disturb the 

magnetic field (it goes through the holder) and the temperature distribution. 

 Closed loop system with thermocouple spot welded on the sample, for the control of 

temperature. The thermocouple is welded on the substrate. 

 Air-quench cooling system, connected with the temperature control system. A water-quench 

or between tool system should have been better, but unable to be used in these tests. 

Additional information about the installation are given in Table 6 and Figure 25 presents the 

installation. 

Table 6 – Additional information regarding the installation 

Initial Air gap inductor/sample 4 mm 
Thermocouple Type K with insulated wires 
Distance Tube-sample 70 mm 

Pressure of air quench 0 – 2.5 bar 

Cooling rate 45-60°C/s for 895-350°C 
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Figure 25 - Installation 

III.2. Expected results 

The aim was to obtain the same microstructure in the steel after induction heating as after 

conventional furnace heating. Heating mechanisms are different, but the heating rate can be largely 

increased with inductive heating (Figure 26). The holding time at heating temperature has been 

chosen after the actual furnace temperature curve (blue curve), and was set to 4 min. For the cooling, 

because actual parts are hot stamped, the cooling is done between tools, with a high rate. The cooling 

rate achieved during tests must be higher than 30°C/s in order to obtain fully martensitic 

microstructure on the Boron steel (TTT diagram in Appendix III.A.1). This cooling is achieved with 

compressed air, directly blown on the sample.  

 

Figure 26 – Furnace temperature curve and temperature curve expected with inductive heating 
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The actual final microstructure obtained with furnace heating and hot stamping is composed by: 

 Top layer of oxide (thin layer – few µm) 

 Proper coating (solid solution of Zinc and Iron) 

 Interlayer (very thin) 

 Substrate with martensitic microstructure 

The total thickness of the surface layer is about 20 µm and the coating is clearly apparent; there is a 

clear discontinuity between the substrate and the coating (Figure 27). 

 

Figure 27 - Zn-Fe coating after hot stamping (From Gestamp) 

 

III.3. Testing procedures 

III.3.1. Calibration  

Before tests and in order to get a correct control of the heating, a calibration of the equipment has to 

be done. By doing a heating cycle, with a proper heating rate, it permits the inductor and the cooling 

system to store which amount of power (inductor) or air pressure (cooling system) has to be used to 

reach a certain temperature. To do this calibration, the heating cycle which is used for test is 

programmed. Then, the calibration system is switched on, and the program starts. Figure 28 gives a 

typical curve of calibration. 

Generally, one calibration has to be done for each different heating rate, and if one or two more tests 

with the same heating rate are done, the accuracy of the heating rate will be increased (Figure 28 

 Noticed that it is quite difficult to get a high heating rate which is fully controlled. 
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Figure 28 – Typical curve of calibration 

III.3.2. Testing method 

The first plan of tests was to heat the sample “as fast as possible”, it means that the heating rate 

should only be limited by the equipment, but a heating rate of 50°C/s was chosen as maximum limit. 

Higher heating rate can be achieved with inductive heating, but because of the configuration of the 

equipment, the heating rate is limited. Then, a holding time of 4 min has been programmed, and 

finally a cooling rate at maximum pressure, in order to cool the sample as fast as possible (the real 

cooling rate during hot stamping is about 70°C/s, and a maximum pressure of air has been used, in 

order to reach as close as possible this rate, was used). Ten tests have been carried out and are 

presented in Table 7. 

Table 7 – Characteristics of tests on Zn-Fe coated Boron steel 

Test I II III IV V 

Type of Heating Induction Induction Induction Induction Induction 
Heating rate 50°C/s 30°C/s 30°C/s, 

plateau 10s at 
600°C 

20°C/s 
(20°C/s)3 

7,5°C/s 
(7,5°C/s) 

Holding 
temperature 

800°C 800°C 895°C 895°C 895°C 

Holding time 5 min 4 min 4 min 4 min 4 min 
Type of cooling Air quenched Air quenched Air quenched Air quenched Air quenched 
Cooling rate ? ? ? ≃ 50°C/s ≃ 50°C/s 
Test VI VII VIII IX X 
Type of Heating Induction Induction Induction Induction Induction 
Heating rate 7,5°C/s 

(7,5°C/s) 
50°C/s 

(34°C/s) 
50°C/s 

(21°C/s) 
50°C/s 

(27°C/s) 
50°C/s 

(54°C/s) 
Plateau 30s 

600°C 
Holding 
temperature 

895°C 895°C 895°C 895°C 895°C 

Holding time 4 min 4 min 4 min 4 min 4 min 
Type of cooling Air cooled Air quenched 

and air cooled 
Air quenched Air quenched Air quenched 

Cooling rate -  Pb of cooling 63°C/s 58°C/s 64°C/s 

                                                             
3 Between ( ) is the real temperature of the sample, which is not the same that the programmed temperature in 
case of high heating rate. 
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Notice there is no standard method for tests, they have been carried out sequentially, and 

parameters have been adjusted each time for the new test, regarding the problems or 

observations during previous heating cycle.  

III.3.3. Analysis of samples 

For the analysis of samples, optical microscope was used. Before analysis, samples have been 

prepared following conventional procedure: they have been cut in two parts (in the middle of sample, 

where the thermocouple was welded) and mounted into resin. Then, the samples have been grinded 

and polished until 0.25µm and etched during 5 second in Nital 3%. 

Optical Microscope with magnifications from x25 to x1000 were used. In certain case, polarized light 

has been used in order to get more clear photographs. SEM observations were not performed due to 

time schedule limitations.  

 

III.4. Results 

III.4.1. First series of test (Test I to VI) – Observations and modifications 

 Test I:  

In the first test, a temperature of 800°C was chosen for safety reason, in case of overheating. The 

holding time was defined at 5 min, because no information about the holding time was given at the 

date of the test. The sample was air quenched, but the real heating and cooling rates are not known 

(Storing system of data was not configured yet). At around 650°C, some fire appeared on the 

specimen, with white smoke, probably due to vaporization of the Zinc. Oxidation is also present.  

 Test II:  

Due to the problem of vaporized Zinc (Figure 29), a lower heating rate was chosen (30°C/s), but same 

mechanisms appeared at around the same temperature: 

 

Figure 29 – Sample II: Vaporization of the Zinc at around 650°C 

After investigations of binary phase diagram, and metallurgy of Zinc, the problem sought to be 

defined as following:  

1. In a conventional furnace, because of the slow heating (it takes around 2 min to reach 

895°C); it should be enough time to have diffusion of the Zinc into Iron (and also Iron into 

the Zinc). It results in a coating with lower Zinc content in average (Binary diagram Zn-Fe 

– Appendix III.A.2), it means a higher melting point. The final material contains with an 

oxide layer and a thicker coating (20µm) below it, with a lower Zn content in average.  
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2. With induction heating, because of the high heating rate, not enough time is available to 

allow diffusion. With a Zn content of about 90%, the melting point is low (around 650°C), 

which should correspond to the observation. After checking Vapor Pressure curve vs. 

Temperature of Zinc, it was found that the Zinc is directly vaporized at atmospheric 

pressure.  

For the next tests, it was decided to let the Zinc diffuse below this temperature, in order to get higher 

dissolution point. 

 Test III:  

Investigations on Zinc diffusion have been done, in order to find the temperature of the maximum 

diffusion rate. However, because of the specificity of the studied case, no values of coefficient of 

diffusion, or diffusion rate were found at this temperature. Diffusion being directly temperature-

dependent (higher temperature means higher diffusion rate); it has been decided to do a plateau at 

the highest temperature below the apparition of vaporization of Zinc: A temperature of 600°C was 

chosen. Concerning the holding time at this temperature, duration of 10s was chosen, a compromise 

between time consumed and minimum time of diffusion. The real temperature of the treatment is 

now 895°C, the one which is used in the furnace.  

However, the same mechanisms have appeared: Vaporization of Zinc and oxidation, with higher 

intensity.  

 Test IV: 

From test IV, the storing system of temperature was configured and the temperature curve of the 

sample has been saved and compiled. A lower heating rate (20°C/s) has been chosen, still in the same 

way of thinking as before (lower heating rate for higher time of diffusion).  However, vaporization of 

Zinc is still present. 

After tests, sample I to IV present the same appearance (Figure 30): a very brittle surface brown-

green, which should be oxide of Zinc and Iron, and sort of explode bubble of Zinc oxide. This white 

spot have been clearly identified as Zinc oxide: a change of color from yellow to white at around 

800°C during the cooling is registered, which is typical property of Zinc oxide  

Concerning the test, the heating was correctly controlled for a heating rate of 20°C/s, the temperature 

of sample follows the programmed curve. A cooling rate of around 50°C/s was achieved, which 

permits to get fully martensitic structure. 
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Figure 30 – Samples I to IV after test 

 Test V: 

After test IV, heating rate began to be doubt. To clarify it, a test has carried out with the same heating 

rate (in average) than the one of the furnace heating: 7,5°C/s was chosen, which represents around 2 

min to reach 895°C. At this heating rate, the same mechanisms have appeared, at the same 

temperature.  

 Test VI: 

One additional test has been done with the same characteristics than the previous one, but with air 

cooling, it means without any forced cooling. The aim was to look after the eventual influence of the 

cooling rate on the coating. Same problems have appeared. 

The results of test V shows that the influence of the heating rate can be excluded. Another 

unknown phenomena has taken place during induction heating.  

Another explanation has been found after the analysis of hot stamped samples. In case of hot stamped 

part, after furnace heating, an oxide layer is present on the surface (several µm), with the coating 

below it (Figure 31).  

 

Figure 31 – B-pillar made of Zn-Fe coated Boron steel with the stable oxide layer 

 



 

Industrial solutions for inductive heating of steels 

 

51 
 

But in some case (when the temperature is too high regarding observations from Gestamp), white 

oxides have been formed, with sort of exploded bubbles, which correspond to the phenomena 

observed with inductive heating (Figure 32). 

 
Figure 32 – Sample from Gestamp (left - Furnace heating with too high temperature) and  

heated with inductive heating (right). Similar mechanisms.  

The explanation is the following: In case of furnace heating, the oxide layer is formed during the 

heating. Below this layer, Zinc coating, is melted due to high temperature, but the “system” melted 

coating + oxide layer keeps stable due to the oxide layer. During the heating and holding time, Zinc 

diffuses from the coating to the substrate (and Iron to Zinc too) and the Zn content decreases. It 

results that the melted coating solidifies. Besides, even if the coating is not entirely solidified, during 

the stamping, the coating keeps stable because it is pressed between tools: the cooling is 

homogeneous, and the coating keeps stable. 

In case of inductive heating, the oxide layer is also formed but the melted Zinc should be the place of 

vibration due to frequency of magnetic field and induced current. It should result in the formation of 

sort of waves in the melted Zinc which can break the oxide layer: the liquid Zinc is in contact with 

ambient air and is directly vaporized (Figure 33). 

 

Figure 33 – Explanation of mechanisms 
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This is only speculation, but after discussions with people from Fives CELES, company specialized in 

inductive heating, these “waves formation” is possible. It is sometimes useful in order to mix liquid 

materials in case of melting applications. One possibility to avoid this problem should to use higher 

frequency. However, the equipment used for tests is limited to one frequency. 

III.4.2. Second series of test (Test VII to X) – Observations and modifications 

Test VII, VIII and IX have been programmed with a heating rate of 50°C/s and fast cooling rate. 

Noticed also that for this series of tests, samples were cleaned properly with soap and then 

rinses with methanol.  

  Test VII: 

Even if a high heating rate was programmed, the real heating rate was about 34°C/s. The same 

mechanisms have appeared, but with less intensity. It should be due to the cleaning of sample before 

the tests. Some oil or grease could have been rest on previous samples which have lead to an increase 

of these mechanisms. Due to problem of cooling, the sample was only air-quenched until 650°C, after 

this temperature, the sample was air cooled. 

 Test VIII: 

A heating rate of 50°C/s was also programmed, but the real heating rate was about 21°C/s, much 

lower than the programmed one. Same mechanisms of vaporization have appeared, but with lower 

intensity than previously. Here, air quench have been achieved with a cooling rate of 63°C/s4. 

 Test IX: 

The same heating rate as previously was programmed, but here too, a much lower heating rate was 

obtained (≃ 27°C°/s). The same mechanisms of vaporization have appeared. Due to the low heating 

rate, it has been decided to make a new holder with thinner air gap between inductor and sample. 

 Test X: 

The new holder has a decrease of the air gap from 4 to 2 mm. After preliminary test with this new 

holder, a heating rate of 50°C/s has been reached. For the test, a heating rate of 50°C/s has been 

programmed, with a plateau at 600°C during 30 second. The aim was the same than in the test III: let 

diffuse the Zinc below the temperature where vaporization has appeared. A real heating rate of 

54°C/s has been achieved, with a correct control, however, vaporization of the Zinc has appeared in 

the second step (after the temperature plateau), with high intensity. 

III.5. Discussion 

III.5.1. First series of tests 

In appendix III.A.3 photographs of samples with the corresponding temperature curves are 

given. 

First analysis focus only on samples IV and V: for sample I to III the temperature evolution is 

unknown, and sample VI was cooled in the air, which is not the studied case (Air cooling was done in 

case of influence of cooling way, but first analysis does not focus on it).  

                                                             
4 Due to thickness of sample and high pressure of the air quench system, cooling rate are relatively high. 
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On both samples IV and V (Figure 34) martensitic structure is formed on the substrate. It permits to 

validate the air quenching system. Concerning the coating, results are very different. In both cases, 

even if vaporization of Zinc has been observed during test, some Zinc is left on the substrate. In case 

of a heating rate of 20°C/s, the coating is similar in some places to the one obtained in the real process 

(Figure 27), with a clear and sharp microstructure, with an approximate thickness of 11µm, but this 

proper coating is discontinuous and very rough, with zones with partially destroyed structure (Figure 

35.1.a & 1.b). 

Figure 34 – Samples IV (1.a & 1.b) and V (2.a & 2.b) (x20 and x50) 

Figure 35 – Sample IV (1.) and Sample V (2.) at high magnification (x100) 
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However, in case of a slower heating (7.5°C, sample V –Figure 34.2.a & 2.b and Figure35.2) the 

microstructure is totally different. The microstructure presents a continuous evolution, with a 

gradient. This formation is not clearly defined; it should be Zinc which is diffused into the substrate, 

or solid solution formation [8].  The thickness of this formation is large, around 30µm. On the top, 

another porous layer is present, with some fragments in some places (Figure 35.2). 

After this analysis, because it has been proved that the coating is not entirely destroyed, it was 

decided to do tests with fast heating, in order to compare results between fast and slow heating. 

III.5.2. Second series of tests 

As before, photographs on samples with the corresponding temperature curves are given in 

appendix (Appendix III.A.3). 

Sample VII to X have been analyzed with the same preparation as samples from the first series. 

Because of the problem of the cooling the sample VII does not present interesting results. Sample VIII 

and IX (Figure 36, Figure 37) present different microstructures, but the heating cycle was very similar 

(only a difference of heating rate from 21 to 27°C/s). In case of sample VIII, a thick layer (around 

20µm) is present on the top with a gradient of concentration below it (which should be Zinc). A clear 

discontinuity is present between both layers. On sample IX, there is still a layer on the top, but much 

thinner (around 8µm) and porous. Below, a concentration gradient is present on a large depth 

(around 85µm). Even if samples have been submitted to the same heating cycle, results are quite 

different, which should due be to the difference of quantity of vaporized Zinc. This difference is not 

clearly established.  

At higher magnification, sample VIII (Figure 37.1) shows a layered structure, composed of a top layer 

(Figure 37.1 – A), maybe oxide, followed by two layers (Figure 37.1 – B&C) with different amount of 

pores. An interlayer (Figure 37.1 – D) separates the top structure from martensitic substrate. In case 

of sample IX, same microstructure is present at the top (Figure 37.2 – A&B). Then, the layer C seems 

to be still present but with very low thickness. (Figure 37.2 – C). The interlayer previously present is 

absent, and replaced by a gradient microstructure in large depth (Figure 37.2 – F). This interlayer 

seems to prevent from diffusion. 

 

Figure 36 – Samples VIII (1.) and IX (2.) (x50) 
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Figure 37 – Samples VIII (1.) and IX (2.) (x100) 

Sample X (Figure 38) presents another microstructure: the top layer A is still present, with 

approximately the same thickness (1-2 µm). Then, the previous layer B is not present, only the layer C 

with small and numerous pores. Then, it is followed by the gradient microstructure F, but on a large 

depth (around 70µm). In any case, microstructure is hard to be defined, and differs between samples, 

even with similar heating cycles.  

 

Figure 38 – Sample X (x50 and x100) 

 

Remark: 

 

After all these tests, results were not conclusive due to the vaporization of the coating, even if the coating 

in not entirely destroyed. In every case of inductive heating, whatever the heating cycle, the surface 

aspect is very poor, indicating no good anti-corrosion property – the desired property  

Another test has been done with a fan, in order to have more air, in the aim of increasing the thickness of 

oxide layer. It should have permitted to get more stable layer, and avoid the breaking off of it, and the 

vaporization of Zinc. Unfortunately this test was not conclusive either; Zinc was vaporized with high 

intensity. After discussions, a higher frequency should be tested to avoid the vaporization of Zinc, but it is 

not possible to do it on the equipment used. 
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Conclusions 

In this work the possibility of using inductive heating in hot stamping, of Zn-Fe coated Boron steel 

have been study. However, results present an incompatibility of heating at a temperature higher than 

600°C, due to the vaporization of the coating. The different conclusions are the following:  

1. Transformation of the coating at high temperature is very different as a function of the heating 

rate and is not really defined – their causes are not clearly understood.  

2. Inductive heating with rate of 20°C/s lead to similar microstructures as the one obtained by 

furnace heating. More tests should be done by this heating rate in order to control if results are 

similar with different tests.  

3. Doing a plateau in order to let to the Zinc to diffuse is useless; it leads to higher amount of 

vaporized Zinc.  

4. Air quench system has permitted to achieve high cooling rate and fully martensitic structure of 

the substrate. 

5. Samples should be properly cleaned before tests; oil and grease resting on steel seems to increase 

the mechanism of vaporization of Zinc.  

6. It is hard to get full control of the increase of temperature in case of fast heating rate (> 30°C/s), 

by this equipment. 

7. Air gap has a large influence on the efficiency of heating (due to the decrease of magnetic field as a 

function of 1/r²). A thinner air gap permits a higher heating rate and better control of the heating. 

8. Vaporization of the Zn appears in all cases, due to too low frequency, and formation of waves in 

melted Zinc beneath the oxide layer.  However, not all of the Zinc is vaporized. It could be nice to 

quantify this loss of Zinc, but it is difficult to establish.  

However, the aim of the test was not achieved, but it is also due to the equipment: A different 

frequency should be investigated with a higher power but it requires other equipment, not available 

at LTU.  

Future work 

Some tests have been carried out at Fives CELES with longitudinal flux heating and have shown better 

results. Firstly, the heating rate is much higher, more than 700°C/s (Appendix 4) and with a 

frequency of around 100 kHz, no vaporization of Zinc have been observed. However this frequency 

should be a bit too low, at Curie point, it is difficult to have higher temperature due to saturation of 

the sheet. Tests have also been carried out at 250 kHz, and the Zinc was also vaporized at this 

frequency. Additional work should be done between 100 and 200 kHz with longitudinal flux heating, 

and could lead to a correct heating of this Zn-Fe coated Boron steel. 

It has also been remarked that protection during heating prevent vaporization of Zinc 

(Appendix 4.3 – Remark), these results should be investigated more. 

Noticed that University of Oulu has commanded equipment from company Fives CELES, for the 

inductive heating of sheet with size from 80x1 mm to 1200x30 mm; collaboration with them could be 

an opportunity to do some tests with more suitable equipment.  
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IV. Inductive heating of Zn-based coated Boron steel – Case of Zn-Ni 

coating 

Introduction 

This part presents tests which have been carried out at LTU on Zn-Ni-coated Boron steel. Tests have 

been done after unsuccessful tests with Zn-Fe. As for Zn-Fe, this work has been asked by Gestamp, 

with an aim of reducing the time of heating before hot stamping with inductive heating. 

IV.1. Materials & equipment 

For the tests, Zn-Ni coated Boron steel was delivered by Gestamp. It is high strength Boron steel with 

Zn-Ni coating. General information of the material are given in Table 8: 

Table 8 – Characteristics of material 

Coating type Zinc/Nickel Electrolytic coating 
General composition 90% Zn – 10% Ni (in av.), but Gamma-phase 
Thickness of the coating ≃10 µm  
Substrate Boron steel (22MnB5) 
Size of samples 40 x 10 x 1.97 mm 

Mechanical properties of the material are not important for tests, just noticed that the substrate is 

magnetic below Curie point. Noticed also that here the coating is made by electroplating.  

The equipment used for the inductive heating is the same as in the previous case: 

 Cooled flat inductor Minac (Elva), with a work frequency of 15 kHz. The inductor is 

rectangular and its approximate size is 20x5 cm, transverse flux heating. 

 Holder made of refractory and inert material (porous ceramics), which does not disturb the 

magnetic field (it goes through the holder) and the temperature distribution. 

 Close loop system with thermocouple spot welded on the sample, for the control of 

temperature. The thermocouple is welded on the substrate. 

 Surrounding air system: air is continuously blown around the sample in order to have easier 

temperature control. After heating, samples have been water quenched. 

A Lab electrical furnace was also used for the conventional heating of some samples. 

IV.2. Testing procedure 

IV.2.1. Testing method 

As for Zn-Fe coating, the aim is to obtain the same material heated with induction than the one 

actually heated by conventional industrial furnace (e.g. roller hearth furnace). Investigations of the 

same coating heated by conventional heating have already been done [3], with the following 

microstructure obtained after heat treatment: 

 Top layer of oxide (thin layer – few µm) 

 Zn coating, with gamma phase 

 Interlayer (very thin) 

 Substrate with martensitic microstructure 
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For tests, different heating rates have been collected from different furnaces, represented in Figure 

39. The curve “Furnace Kondratiuk” is collected from [3], the curve “lab electrical furnace” is the 

curve obtained in lab at MEFOS; the curve “Roller Hearth furnace” is a curve of industrial furnace.  

The inductive heating curve has been programmed to be close to curve from [3], to have the 

possibilities to compare results from inductive heating with results reported in it. Some other tests 

have also been done with inductive heating with fast heating rate (30°C/s), and with two different 

holding times (120 and 180 s).  

Notice that the lab furnace at MEFOS, used for tests in this work, has a high heating rate, it takes less 

than 2 min to reach 880°C.   

 

Figure 39 – Temperature curve with induction heating 

Different holding times have been investigated in both furnace and inductive heating (Table 9). 

Table 9 – Characteristics of tests 

Sample FuH5 FuH7 2S120 2S10 FH120 FH180 

Type of 
Heating 

Lab 
Electrical 
Furnace 

Lab 
Electrical 
Furnace 

Induction Induction 
Induction 

Fast heating 
30°C/s 

Induction 
Fast heating 

30°C/s 
Holding 
time (s) 

180 300 120 10 120 180 

Holding 
temperature 

(°C) 
880°C 880°C 880°C 880°C 880°C 880°C 

Cooling 
Water 

quenched 
Water 

quenched 
Water 

quenched 
Water 

quenched 
Water 

quenched 
Water 

quenched 

IV.2.2. Analysis of samples 

For the analysis, samples have been prepared following conventional procedure: They have been cut 

in two parts (in the middle of sample, where the thermocouple was welded) and mounted into resin. 
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Then, the samples have been grinded and polished and etched several seconds with Nital. Optical 

microscope has been used, with magnification from x25 to x1000. Samples FH120 and FH180 were 

not analyzed with optical microscope, due to similar surface aspect than slow heating. 

Investigations are only limited to optical microscopy. Further investigations with SEM or composition 

analysis should be done for complete analysis of the sample, but they have not been done through this 

work, due to time schedule limitations.  

IV.3. Results 

IV.3.1. Initial microstructure 

This coating has been created especially for hot stamping in order to manufacture components with 

corrosion protection in direct hot stamping. During austenitization the coating is the place of 

diffusion, with obtaining of Zinc and Nickel solid solution in gamma phase, with high melting point 

(over 870°C, compared to the melting point of pure Zinc at 419°C). The coating is also specially made 

for fast heating in order to increase the productivity.  

According to literature [3], the cross section of sample shows uniphase coating layer with interlayer 

between substrate and coating (Figure 40). The coating should be characterized by microroughness, 

with fine cracks. Similar microstructure is observed (Figure 41), with porous microstructure (cracks 

seems to be bigger, maybe because of a longer etching). The coating presents a thickness about 10 

µm, as it should be. Further details of the initial microstructure and its evolution are described in [3], 

and are briefly summarise in appendix. 

 

Figure 40 – SEM top view of Zn-Ni in initial state with 
embedded light optical microscope image showing the 

cross section of the coating layer [3] 

 

Figure 41 - Cross section of sample as received with 
Optical Microscope. 

 

IV.3.2. Macro scale results 

Samples heated in the lab furnace (FuH5 and FuH7) present good surface aspect, with brown and 

rough surface (Figure 42). The sample which has been heated longer (FuH7) is darker. However, all 

samples heated with induction with similar heating or fast heating rate present poor surface aspect. 

Vaporization of the coating has been observed during heating, mainly between 700 and 880 °C, and 
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also during holding time. It results in a bloated surface, similar to the one obtained during tests with 

Zn-Fe coating. No significant differences are observed with the two different holding times. 

This test indicates that the heating rate is not the cause of the vaporization of Zinc.  

 

Figure 42 – Samples after tests (1. FH120; 2. FH180; 3. 2S10; 4. 2S120; 5. FuH5; 6. FuH7) 

 

Figure 43 – Sample 2S120 at larger zoom. Surface and cross section 

The white deposition obtained on samples induction heated is identified as Zinc oxide: it has been 

observed that the same constituent was yellow at high temperature. This is due to thermochromic 

properties of Zinc oxide (change of material color with temperature, due to microstructural change). 

IV.3.3. Microstructural investigations 

Investigations on microstructures of different samples have been done with Optical Microscope. 

Samples have been etched during few second with Nital. At low magnification, samples heated in 

furnace shows a smoother surface (Figure 441 & 2) in comparison with samples heated at the same 

rate with induction (Figure 443 & 4). In this case, the surface is not smooth, with some thick 

additional layer – probably oxide layer observed on the bloated surface. This additional layer is bigger 

in case of longer holding time.   
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Figure 44 – OM cross section view at low magnification (x100)  

(1. Sample FuH5  2. Sample FuH7  3. Sample 2S10  4. Sample 2S120) 
 

 
Figure 45 – OM cross section view at high magnification (x1000). 

(1. Sample FuH5  2. Sample FuH7  3. Sample 2S10  4. Sample 2S120) 
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At higher magnification, samples heated in furnace present multilayer microstructure: on the top a 

thin layer is located (Figure 45 1.a & 2.a), about few microns. Below it, another microstructure is 

located (Figure 45 1.b & 2.b), and forms islets. Those islets do not form s continuous layer, but seems 

to “push” the top layer. Then, the proper coating is present, which forms a continuous and 

homogeneous layer with some cracks, with a thickness about 10 µm. In case of longer heating 

(Sample FuH7,Figure 45.2), the thickness is slightly superior, with a decrease of the microstructure in 

islets.  

In case of induction heating (Figure 453 & 4), the microstructure is totally different. It lefts only one 

continuous layer (Figure 453.b & 4.b), with porous (Figure 453.a & 4.a), and rough surface. By 

increasing of the holding time (Sample 2S120,Figure 45.4), more pores are present and the total 

thickness is lower. It can be related to vaporization of Zinc during the holding time.  

Concerning the substrate, the microstructure presents also some differences. A lath and clear 

martensite is observed on samples heated with induction, against thinner microstructure in case of 

furnace heating, probably due to longer transfer time.  

IV.4. Discussion 

Significant differences have been observed between two types of heating, even with same heating 

rate. Concerning the microstructure of the coating after heating in furnace, results are in accordance 

with the study carried out in [3]. Some of the figures of this study are presented in appendix 

(Appendix 1 – 4. Microstructure after 300s, 880°C), after similar heat treatment. The top layer obtained 

must be Zinc oxide layer, and the microstructure in islets is identified as gamma-phase with Zinc, 

Nickel and Iron, γ-ZnNiFe. Composition of this phase given by the study indicates 13 wt% Ni, 79 wt% 

Zn, 8 wt% Fe. The proper coating obtained here is also very similar to the one in the study. After 

composition analysis, results from [3] revealed solid solution α-Fe(Zn). This phase mainly contains 

Iron (71 wt%), and Zinc (26 wt%), the rest is Nickel. Similar composition is expected in this work 

because of similar microstructure. However, no enough time was available to provided complete 

analysis, with phase and composition results. Further investigations have to be done on it for 

complete analysis.  

Concerning samples heated with induction, the initial assumption to explain the vaporization of Zinc 

during tests was the formation of waves in melted Zinc, which should result in breaking off of oxide 

layer, the Zinc must be then directly vaporized because of the contact in air at high temperature. 

However, in case of this coating, the initial microstructure is in gamma-phase, it means that no liquid 

or semi liquid state can be present, according to phase diagram (Appendix III.A.2). The previous 

assumption cannot be applied for this case. Investigations have been done about vaporization of Zinc 

in literature, but no information is available on this topic. 

Another assumption has been found in internal discussion at MEFOS and investigation about Zinc 

chemistry [6]. The mechanisms of the Zinc dissolution can be attributed to Zinc reaction with Oxygen. 

The main clue of that is the surface aspect after tests and observation during tests (white and 

localized small flames). In comparison with furnace heating, three major differences are present: 

 Higher heat flux density in case of induction heating, concentrated on the surface 

 Open air system, with large amount of Oxygen available 

 Localized small hot spots inherent to inductive heating (at microscale) 
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Possible explanation to this is the following:  

1. The surface temperature is probably higher than the expected one (Higher heat density in 

localized spots). Zinc on the surface starts to react with Oxygen in the air (could be ignition) 

2. The reaction                                 will provide a large amount of heat  

(ΔfH°= - 348 kJ/mol – the energy required to vaporize water is 40 kJ/mol) which again will 

lead to “superheated” spots where the oxidation occurs.  

3. The hot spot is so hot that Zinc starts to evaporate, gaseous Zinc is oxidized directly by the 

available Oxygen and more heat is produced in these hot spots like a chain reaction. The 

porosity of the coating can also increase the reactivity due to higher active surface.  

Besides, in case of induction heating, the open system gives always new and fresh Oxygen, and Zinc 

oxide is removed, it means that even if equilibrium could have occurred, it is always disturbed.  

Optical microscopy in case of furnace heating can also provide interesting arguments: at high 

magnification (Figure 451. & 2.), it is possible to distinguish round particles at the top layer, which 

seems to be partially detached. These round particles should have a high Zinc content (because there 

are located at the top surface, and there is a decrease of Zinc-content in depth direction), and can be 

the initial place of the mechanisms observed in case of inductive heating due to their high reactive 

surface, and shape. Then the reaction propagates on surrounding places.  

To confirm this assumption, the surface temperature should be measured during induction heating to 

find presence of overheating, with thermal camera. 

 

Remarks:  

Here are listed different remarks and notes on different subjects. 

1. At the beginning of the project, it was advised to work with samples with thickness about 2 mm. 

However, some calculations were done about depth penetration; it appears that below Curie 

point, the depth penetration is less than 0.5 mm for the work frequency and material used. It 

means that sample were heated on surface, rest of heating was achieved by conduction. This 

point is not suspected as influent in Zinc dissolution, because of the same surface aspect and 

microstructure were obtained on both sides of the sample. 

2. The reliability of the thermocouple has also been discussed, due to presence of induced current 

which should influence the measure. There are observations and discussions which go in both 

direction; a true measurements of the temperature, or difference of real temperature and the 

one measured with the thermocouple. These remarks and observations are detailed in appendix. 

3.  The data given about Zn-Ni coating mention that initial ratio is 90% Zinc and 10% Zn, in 

gamma phase. But, with this ratio, the initial microstructure should be in delta phase, or gamma 

+ delta phase according to phase diagram. Besides, investigations carried out by Kondratiuk et 

al. [3] indicates that initial microstructure is composed by uniform intermetallic phase of γ-

Ni5Zn21. The atomic ratio does not correspond to previous mentions.  
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Conclusions 

In this work the possibility of using inductive heating in hot stamping, of Zn-Ni coated Boron steel 

have been study. This coating should present better ability to be heated quickly, but results still 

present an incompatibility of heating at a temperature higher than 700°C – as in case of Zn-Fe – due to 

the dissolution of Zinc. The main conclusions are the following:  

1. Transformations of the coating at high temperature depend on type of heating. For the same 

heating rate, induction heating leads to dissolution of Zinc.   

2. The mechanisms of vaporization and their causes are unknown, and cannot be the results of 

wave’s formation as it has been purposed in Lab Test Report on Zn-Fe.   

3. One of new assumption is the Zinc reaction with Oxygen, due to three causes: localized high heat 

density, perturbation of chemical equilibrium between Zinc and Oxygen due to open air system, 

and self maintaining reaction of combustion. 

4. As in case of Zn-Fe coating, induction has to be chosen below the temperature of Zinc 

vaporization, it means that below 600°C. The rest of the heating can be achieved by conventional 

furnace. 

5. More investigations have to be done with different more suitable equipment. 
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V. Selective inductive heating of uncoated Boron steel 

Introduction 

The current part presents experimental work which has been done on selective inductive heating 

(SIH). SIH is the localized heat treatment (hardening) of a part in order to give it tailored properties. 

The potential applications are improvement of crash resistance of B-pillar of car, as it has been 

described previously. 

There are two objectives of this work. First, the main aim is the study of the transition zone between a 

part heated by inductive heating and the other part, held in a cooled clamping system. Different 

holding times of austenitization are investigated, with the influence of a preheating. Changing of 

microstructure, width of the transition zone, and hardness measurements are the main parameters to 

characterize this transition zone, correlated with temperature history. The second objective of this 

work is study the influence of holes on transverse flux heating. This part is a preliminary approach of 

the overheating phenomena, and is intended to highlight it, more than a complete study of it.  

V.1. Materials & equipment 

For tests, cold worked uncoated Boron steel 22MnB5 has been used, delivered by Gestamp. General 

information of the material is given in Table 10. 

Table 10 – Characteristics of material 

Composition 
(%) 

C 
0.22 

Si 
0.22 

Mn 
1.18 

Cr 
0.16 

Ni 
0.12 

Al 
0.03 

Ti 
0.04 

B 
0.002 

Microstructure 
(As delivered) 

Ferrite and Pearlite 

Tensile strength 
(As delivered) 

500 – 700 MPa 

 

Figure 46 – Microstructure of the steel in both directions, parallel and perpendicular to rolling direction (Mag. x100) 

The grains are oriented in x direction (Figure 46.a), due to cold working. It also means that the steel 

contains still some stresses.  

The main advantage of Boron steel is its hardenability. By an austenitization during 5 minutes, 

followed by quenching, the tensile strength can be increased up to 1500 MPa. This is the reason why 
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Boron steels are used for hot stamping, in order to manufacture structural car components (B-pillar, 

door reinforcement).  

The equipment used for the inductive heating was: 

 Cooled flat inductor Minac (Elva), with a work frequency of 15 kHz. The inductor is 

rectangular and its approximate size is 20x5 cm, transverse flux heating (same as previous 

tests with Zn-Fe coating) 

 Cooled clamping system, at a constant temperature of 12°C (water temperature). The lower 

part of the sample is held on this clamping system, the upper part is in front of the inductor. 

 Closed loop system with thermocouple spot welded on the sample, for the control of 

temperature.  

For the quench, water quench has been mainly used (Twater =12°C, cooling rate of ≃100°C/s), but one 

test has also been done with die quenching. Two big pieces of metal have been used to simulate it in 

order to have a similar cooling rate as in case of hot stamping (Figure 47).  

 

Figure 47 – Die quenching system (upper part made of cast Iron, and plain steel for the lower part) 

 

Figure 48 – Installation for tests 

For analysis, microhardness and optical microscope have been used. Microhardness testing has been 

done with Vickers indentation – load of 500g, 15s – each millimeter along the sample, from heated 

zone to cold zone, in the direction perpendicular to rolling direction (z-direction). Optical microscope 

has also been used in order to look after the microstructure (samples etched with Nital 3% to 

revealed the microstructure), with magnification from x25 to x1000. 
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Before analysis, samples were grinded and polished until 0.05µm. The grinding steps have been done 

until removing at least 0.1µm on the thickness, which permits to take off a possible decarburized 

layer. 

V.2. Testing procedure 

V.2.1. Experimental plan 

Tests have been carried out in two series. The first series concerns the study of the transition zone 

and the second one deals with for influence of holes. For the first series, the investigated parameters 

are the following: 

 Influence of holding time during austenitization 

 Influence of heating rate (two type of heating rate tested) 

 Influence of cooling rate (two quenching methods: water quench and die quench) 

 Influence of a preheating, different temperature investigated 

Concerning the second series of test, the studied parameters are limited to: 

 Size of the sample 

 Shape of the hole 

The different tests which have been carried out are summarized in Table 11. 

Table 11 – Experimental plan with name of sample 

 Name Heating 
rate  

Preheating Austenitization 
temperature 

Austenitization 
time 

Quenching 
method 

S
e

ri
e

s 
1

 

A300 7°C/s - 900°C 5 min 
Water 

quenched 

A300FH 40°C/s - 900°C 5 min 
Water 

quenched 
A300FHDQ 40°C/s - 900°C 5 min Die quenched 

A60 7°C/s - 900°C 1 min 
Water 

quenched 

A30 7°C/s - 900°C 30 s 
Water 

quenched 

A15 7°C/s - 900°C 15 s 
Water 

quenched 

P250C 7°C/s 250°C – 3 min 900°C 30 s 
Water 

quenched 

P400C 7°C/s 400°C – 3min 900°C 30 s 
Water 

quenched 

P600C 7°C/s 600°C – 3min 900°C 30 s 
Water 

quenched 

S
e

ri
e

s 
2

 SH-S Sample 20x80 mm with square hole (Ø 7 mm) 

RH-S Sample 20x80 mm with round hole (Ø 7 mm) 

SH-B Sample 100x200 mm with square hole (Ø 13mm) 

RH-B Sample 100x200 mm with round hole (Ø 13 mm) 

Temperature of preheating have been chosen in tempering zone (250°C – red color), and 

recrystallization zone, regarding the Iron-Carbon equilibrium phase diagram (Appendix 3 – FeC 

Diagram), where specified change of microstructure occurs. Figure 49 summarizes different heating 

curves. 
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Figure 49 – Heating curves of Series 1 

Case of Series 2: 

The second series of test (sample SH-S, RH-S, SH-B, RH-B) has not been used with specified heating: 

samples have been heated sequentially, without recording of temperature, and photographs have 

been taken during heating. The analysis does not use hardness measurements or optical microscopy, 

it will only base on photographs taken during heating. 
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V.2.2. Preliminary tests 

Some preliminary tests have been done to choose the size of the sample, the place of thermocouple, 

the relative position of the inductor, and the air gap. Because of the edges overheating, samples 

cannot be too wide, in order to get a homogeneous heating. A width of 20 mm has been chosen. A 

length of 80 mm has permitted to get a transition zone (tempering) approximately in the middle of 

the sample. Because there is some heterogeneity of the heating, influenced by the relative position of 

the inductor (heating is more intense “in the middle” of the inductor), it was difficult to get a heating 

with decrease of temperature from the thermocouple place to the cold zone. Figure 50 presents the 

different possible configurations.   

 

Figure 50 – Different configurations of the relative position inductor/sample/thermocouple 

1. Heated zone is not measured, if it is 900°C on the thermocouple place, the heated zone can be at 

much higher temperature, with melting of the sample. 

2. Heated zone is not measured too. 

3. Correct configuration with heated zone measured. 

The thermocouple has been welded at about 5 mm from the upper edge, and set in “the middle of the 

inductor”, as in the configuration 3.  

After tests, samples present two transition zones: a first transition zone, with a gradient of color 

which corresponds to tempering zone (Figure 51– Zone 1), and the zone where the sample has 

reached the temperature of 900°C (Figure 51– Zone 2). 

 

Figure 51 – Transition on sample A300 

In case of zone 1, no significant change of hardness and microstructure is expected: because this zone 

corresponds to tempering zone, (heating around 200-360°C), only slight grains growth can occur. But 

this zone is important because it characterizes the temperature evolution, and it is easily observable 

on sample. In second zone, because of austenitization and quenching, a high change of hardness and 

modification of microstructure is expected, with formation of martensite. 

Remark: It is assumed, regarding observation during tests, that thermal equilibrium of heating is 

reached on sample A300: Because of holding time of 5 min, the front of tempering zone has moved until 

its stabilization, and the system works in steady state conditions. It results in a tempering zone located 

at 3,7 cm from the place of the thermocouple. This distance from thermocouple place to start of 

transition zone 1 is compared with the one obtained with numerical simulation, in order to validate the 

configuration used for tests.  
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V.3. Numerical simulation of temperature evolution 

Parallel to testing, a numerical simulation of temperature evolution has been done with the software 

MSC Marc, with SteelTemp database. This simulation is intended to give a rough approximation of 

temperature evolution, from the hot zone (thermocouple place) to cold zone (Clamped edge), and 

should permit to validate the choice of thermocouple position (Defined during preliminary test – 

V.2.2). 

The simulation is reduced to very simple thermal case with a sample of 65 mm length, with hot edge 

at 900°C, and cold edge at 12°C (Figure 52). Only a thermal load is applied, with two different 

temperatures on edges, in steady-state conditions.  

 

Figure 52 – Comparison of numerical simulation with real case 

The material used for the simulation is a low carbon steel type C15, with its properties depending on 

temperature (e.g. thermal conductivity). It is obvious that thermal properties of real sample 

(22MnB5, carbon content 0.22%) are different from material used during simulation (C15, carbon 

content 0.15%), but close to them regarding SteelTemp database. Figure 53 gives the temperature 

evolution obtained. 

 

Figure 53 – Temperature evolution obtained by numerical simulation (Software MSC Marc) 

According to the curve, is it possible to determine the place of the tempering zone (colored from grey 

to very pale yellow), from temperature 330°C to 200°C, which should start at 36 from the 

thermocouple. In comparison with the one obtained after tests (37 mm), it permits to valid the 

configuration chosen during testing. 
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V.4. Results 

V.4.1. First series – Study of the transition zone 

Microhardness tests 

Indentations were done each millimeter along the sample, from heated zone to cold zone (which 

represents a distance of about 55 mm), in direction perpendicular to rolling. On hardness graphs, 

origin of x-axes represents the “hot” edge of the sample. All data are given in Appendix 4 – 

Microhardness tests results, with three different charts: 

 Influence of heating/cooling rate 

 Influence of austenitization time 

 Influence of preheating 

Hardness curves present similar trend in each case: first, a hardened zone, where the austenitization 

has occurred, with hardness higher than 400HV. The bigger point on chart presents the place where 

the thermocouple was welded. Then, a first slight decrease, followed by a dramatic decrease of 

hardness and a softening zone. At 40 mm from the edge, the initial hardness is recovered.  

The three firsts indentations (close to the hot edge) are not really representative. Due to transfer time 

(between heating and quenching) and the relative position inductor/sample, the zone close to the 

edge should have been slightly under heated, or cooled during transfer time.  

 

Figure 54 – Hardness curve, Influence of heating and cooling rate 

Criteria for the characterization of the transition zone: 

In order to characterize the transition zone, a criterion must to be used: the transition zone is defined 

as the length between the last indentation before dramatic decrease of hardness, to the indentation 

where a hardness of 250HV is recovered.  In some cases, the transition zone can be shifted but by 

using this criteria, samples can be compared each other, with the same criteria (Table 12). 
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Table 12 – Length of transition zone on different samples 

Sample name 
Length of transition 

zone dTZ (mm) 

A300FHDQ 13 

A300FH 12 

A300 13 

A60 12 

A30 10 

A15 9 

P250C 13 

P400C 13 

P600C 10 

Influence of heating/cooling rate:  

Samples heated faster (A300FHDQ & A300FH) present about the same transition length than lower 

heating rate, but a higher hardness than slow-heated samples (480 and 550HV against 400HV). A 

short heating cycle (fast heating and water quench) leads to the highest hardness. 

Concerning the softening zone, the minimum of hardness is almost the same (163, 158 and 158 HV 

respectively). 

Influence of Austenitization time:  

The austenitization time influences in different ways. First, the shorter the austenitization time is, the 

higher the hardness is with from 400HV for A300, until 500-520 for A15. The decrease of holding 

time reduces also the length of transition zone (from 13 mm for A300 to 9 mm for A15), with a 

shifting of it by increasing the holding time. This shifting is due to conduction from “hot zone” to “cold 

zone”. 

It has also been noticed that the decrease of holding time increases the minimum of hardness reached 

in the softening zone (from 158HV for A300 to 172HV for A15).   

Influence of preheating:  

Preheating does not influence the hardened zone. In three cases (P250C, P4000C and P600C), the 

hardness of hardened zone is around 500HV. Samples preheated at 250°C and 400°C present similar 

transition length (13 mm), and decrease at 600°C (10 mm).  

Concerning the minimum hardness reached in softening zone, results are divergent: 172 HV is 

reached for P400C, and 163 and 149 HV for P250C and P600C. 

Optical microscope analysis 

All samples have been studied with an optical microscope (Nikon MA2000 Eclipse). Polarized light 

have permitted to get clearer microscopy. Samples were analyzed in the direction perpendicular to 

the plate, in the same direction as the hardness indentation measurements performed. The 

magnification given on different figures corresponds to the one of the objective. The different 

microstructures which can be revealed by the etchant appear as following: 
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 Martensite: visible as clear and dark lath 

 Ferrite (α-Fe grains with grain boundaries): visible as uniform clear 

 Pearlite: visible as clear and dark, lamellar structure 

 Cementite (Fe3C): visible as dark, laths or small dots 

Each sample presents a change of microstructure corresponding to the temperature gradient: Fully 

martensitic structure, partially martensitic structure, tempered structure, non affected zone. The 

martensite formed is in lath structure (Figure 55), due to carbon content less than 0.6 wt%.  

 

 

Figure 55 – Formation of martensite on sample A300, A30, P600C (Mag. x20) 

No significant different martensitic microstructures have been found on different sample, for the 

same “place” (Thermocouple place). The martensite presents similar shape and grains size on all 

samples, even for the die-quenched sample, but except for the sample heated quickly (A300 and 

A300FH) which presents smaller grains.  

However, a gradient of grain sizes on the fully martensitic zone, on each sample, from a distance at 3 

to 10 mm from the edge has been noticed. The microstructure presents coarse martensite near edge, 

to fine martensite (Figure 56), despite of the hardness is moderately constant on the same zone (with 

a Δhardeness ≈ +/- 15HV, see Figure 54 and Appendix 4 – Microhardness tests results). This change of 

microstructure has been observed on every sample.  
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Figure 56 – Change of martensitic structure at 3 and 9 mm from the edge, with similar hardness – Sample A300 
(Mag. x20) 

The influence of holding time, highlighted by sample A300 to A15, is significantly visible on softening 

zone (Figure 57). Compared to the initial microstructure (Figure 57.a), grains are bigger and more 

circular (Figure 57.b) which indicates grain growth, due to tempering. Longer holding times result in 

larger and more circular grains (in comparison between samples A300 and A15). At high 

magnification, some dots are visible which highlights the presence of carbides (Figure 58), and this 

indicates carbon diffusion. The decrease of holding time leads to “sharper” transition zone (Figure 59) 

the change of microstructure is more concentrated. It is in accordance with hardness tests results. 

 
 

Figure 57 – Influence of holding time on transition zone (softening zone) (Mag. x20) 
Grain growth with bigger and more circular grain for A300 compare to A15 
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Figure 58 – Softening at high magnification, original microstructure and sample A 300 (Mag. x100) 

 
 

Figure 59 – Influence of holding time on transition zone (softening zone) on samples A300 & A15 (Mag. x2,5) 
Sections between the red lines represent similar microstructure, not the whole transition zone 

The main influence of preheating is visible in the softening zone. The different samples present a 

change of microstructure, in correlation with the preheating temperature. At 250°C, the softening 

zone presents a reduction of the amount of pearlitic microstructure (due to annealing), with start of 

breaking off of lamellar cementite, but the general microstructure is very close to the initial one. At 

400°C, cementite lamellas are more broken, and start to be thicker and more rounded. Initial grains of 

ferrite show larger diameter. Finally, at 600°C, all initial cementite lamellas of the pearlitic structure 

are broken and forms carbide spheres, with a size less than 1µm, with surrounding grains of ferrite. 

This evolution indicates carbon diffusion, from the pearlitic microstructure. A slight decrease of 

cementite amount has also been noticed (decrease of the dark constituents on photographs) with an 

increase of preheating temperature. It can be due to the increase of the solubility limit of carbon in 

ferrite with temperature, as visible on FeC diagram. 
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Figure 60 – Influence of preheating on the softening zone. Sample preheated compared to original microstructure, 
with highlighting of carbon diffusion. (Mag. x100) 

V.4.2. Second series – influence of hole 

In the second series, four tests have been done, with drilled plate (Table 13). The aim is to highlight 

overheating around the hole, and study  it, by “visual” inspection. Two shapes of holes have been 

investigated, round holes and square holes. The thermocouple was welded on the side of the sample. 

Table 13 – Tests of Series 2 

S
e

ri
e

s 
2

 SH-S Sample 20x80 mm with square hole (Ø 7 mm) 

RH-S Sample 20x80 mm with round hole (Ø 7 mm) 

SH-B Sample 100x200 mm with square hole (Ø 13mm) 

RH-B Sample 100x200 mm with round hole (Ø 13 mm) 

First tests have been done with same samples size as first in the series test (20x80 mm). No 

overheating has been observed during tests (Figure 61). The second tests have been done with larger 

plates, and the phenomena has occurred (Figure 62). The test has been done between 200 and 500°C 

in order to allow tempering colors to appear. 
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0  

Figure 61 – No overheating on small sample 

 

 
 

Figure 62 – Evolution of temperature on drilled plate (round and square holes) 
Temperature corresponds to thermocouple position 

On the larger plates, the influence of holes is similar with square or round holes: an overheating zone 

appears on the upper part, and on edges. Then the temperature front moves down, without 

disturbance due to the hole. The temperature difference can be estimate to between 20 and 50°C, 

according to the color of tempered zone. 
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V.5. Discussion 

V.5.1. First series 

The first series of tests have permitted to highlight the evolution of microstructure in case of selective 

inductive heating. First, the presence of coarse and fine martensite has been observed in the fully 

martensitic zone, followed by a partially martensitic and tempered zone. An analogy with heat 

affected zone (HAZ) in welding can be done to get a better explanation of it. In case of welding, the 

evolution is similar, except that in this case there is no fusion zone in the steel. The different zones of 

weld microstructures have been described by Bhadeshia and Honeycombe [2] and presented in 

Figure 63. 

 

Figure 63 – Heat affected zone in case of welding (from [2]). The schema is for steel with Ac1 of ≈ 800°C. 

During heating, the austenite starts to form at Ac1 (≈720°C for this steel), and the fully austenitic 

phase is reached at ≈ 880°C. Close to the edge, the temperature is higher (if the temperature is at 

900°C at thermocouple position, it should be around 930-950°C at 3mm from the edge). This higher 

temperature close to the edge leads to larger austenite grains  – coarse grained austenite zone. By 

moving away from the thermocouple position, the temperature decreases. Just before Ac3, the 

microstructure is still fully austenitic, but with smaller grains. After quenching, there is a gradient of 

grain sizes of martensitic microstructure, with a coarse-grained martensitic zone and fine-grained 

martensitic zone.  
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Then, in the second zone, the temperature reached during heating is between Ac1 and Ac3, which 

means that the steel has been partially austenitized. After quenching, this zone presents ferrite grains 

and martensite grains. This zone corresponds also to the first linear decrease of hardness. 

Below Ac1, no austenite has been formed, no martensite is formed. The temperature reached has only 

permitted a tempering of the microstructure. Because of the initial microstructure still contains 

stresses (cold word steel), softening mechanisms occur, with a decrease of hardness below the initial 

hardness. During this tempering, different mechanisms occur, at different scales: Because the initial 

material was cold worked, there is a stress annealing of the structure. Diffusion mechanism are also 

present, but mainly carbon diffusion. That is the reason that initial lamellar of cementite have been 

broken, and the general amount of cementite has decreased in the softening zone. Grain growth has 

also been highlighted. Other micromechanisms can occur as dislocation movements or annihilation, 

and vacancy movements. All these mechanisms are time and temperature dependent, and each of 

them contributes majorly to the dramatic decrease of hardness.  

Carbon diffusion occurs also during preheating. By considering simple case where carbon diffuses 

into α-Fe, it is possible to calculate diffusion length with Arrhenius law and expression of length 

diffusion. 

         
 

 

         (7) 

              (8) 

With:  D:  diffusivity (m²/s) 

Q:  activation energy (J/mol) 

x:  diffusion length (m) 

T: temperature (K) 

t:  time of the treatment (s) 

Table 14 gives diffusion length of carbon into ferrite at different temperatures. Data of D0 C→α and Q C→α 

are from [3]. 

Table 14 – Calculation of diffusion length of carbon into ferrite at different temperatures 

T (°C) T(K) D (m²/s) t (s) x (µm) 
600 873 1,013.10-11 180 42,7 
400 673 3,828.10-13 180 8,3 
250 523 6,340.10-15 180 1,1 
25 298 5,877.10-21 180 0,001 

It is clear that preheating at 600°C during three minutes leads to larger diffusion of carbon, which it 

has been observed on sample P600C. 

In case of fast heating, smaller grains have been formed in the martensitic zone. The grain growth is 

also a time dependent mechanism, and with a fast heating, a shorter time is left for grains to growth. 

After quenching, smaller grains of martensite are formed.  
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V.5.2. Second series 

The second series was devoted to highlight overheating effect around holes. The overheating has 

appeared only in case of large samples, without significant differences between square or round 

holes. In general, the overheating is due to two mechanisms:  

1. Concentration of eddy current which have to go around the hole: More imaginary 

lines of current have to go around the hole. It leads to higher current density around 

hole, which increases the heat generation. 

2. Lack of adjacent metal: the presence of as hole avoids a certain dissipation of heat 

(cold sink effect). It increases overheating. 

These two mechanisms explains the overheating in case of larger plate. The overheating depends on 

several different parameters, as the frequency (higher frequency leads to higher overheating), power 

density (more intense heating results in more pronounced overheating), and hole size (larger lack of 

metal). A hole with sharp corners (square) should normally give larger overheating, due to higher 

perturbation of currents, but it has not been noticed during these tests, probably because of the 

square holes were not sharp enough (holes were made from round hole and then filed down).  

However, no overheating took place on small samples, even if each hole was relatively large 

compared to the size of the sample (Width of 20 mm with hole of 7mm). This is due to perturbation of 

heat transfer, with more effect than concentration of eddy current. With this relative size of hole, it 

reduces the effect of thermal conductivity to equalize heat non-uniformity, and reduces the thermal 

gradient. These mechanisms result in attenuation of overheating [11]. 

Conclusions 

Different investigations have been done on the selective inductive heating by looking after the 

transition zone between hardened zone and non-affected zone, together with the presence of holes. 

The studied parameters were the heating and cooling rate, the austenitization time and the influence 

of preheating.  

1. Due to temperature gradient, microstructure changes continuously, with distinct zones: coarse-

grained martensite, fine-grained martensite, partially martensitic zone, tempered zone and non 

affected zone. The formed microstructure is similar to Heat Affected Zone in case of welding. 

2. In tempered zone, a large decrease of hardness occurs, to below the initial hardness, because of 

stress annealing, grain growth and carbon diffusion. 

3. The preheating influences mainly the softening zone, with an increase of grain size and diffusion 

of carbon. 

4. A slow heating (7°C/s) leads to larger grains of austenite – and thus of martensite – after 

quenching, compared to fast heating (40°C/s) due to longer time left for grains growth. 

5. A decrease of austenitization time leads to “sharper” transition zones, with a lower decrease of 

hardness in softening zone. 

6. A shorter heating cycle (fast heating and cooling, short austenitization) leads to sharper transition 

zones too, with the highest hardness.  

7. The presence of holes (square and round) can disturb the temperature distribution, but it is 

largely dependent on relative size inductor/work piece.     
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General conclusion and perspectives 

 

The work done in this master thesis is a part of a larger project at Swerea MEFOS (Luleå, Sweden), 

intended to develop induction heating. Different objectives were initially planned, but have 

progressed during the thesis. The work has been done following different steps. First, theory and 

general principles of inductive heating have been investigated and reported, followed by a state-of-

the-art with specifications regarding MEFOS’s activities. The different applications reported focus on 

utilization of inductive heating in case of rolling process for long and flat products, and its utilization 

for automotive industry. This entire “learning step” was completed by a stay (two weeks) in the 

French company Fives CELES at Lautenbach, in order to deepen theoretical points and discover 

applications. 

In the experimental part have two case-studies been performed. The first part, directly asked by 

MEFOS, was to investigate the “Selective Inductive Heating”, it means the localized treatment 

(hardening) of a component, and the study of the transition zone. One of the applications of it is the 

tailored component manufacturing. These investigations have been done at laboratory scale, with 

equipment available at LTU, on uncoated Boron steel. Different parameters as the preheating, the 

heating rate, the holding time, and the quenching method have been studied. Results have shown that 

the shortest heating cycle (fast heating, short holding time and water quenching), leads to the 

sharpest transition zone, with high hardness in the treated zone. Results have also shown many 

analogies between selective inductive heating and welding, especially on the microstructure and the 

Heat Affected Zone. On this part, some additional tests have also been done in order to highlight the 

overheating mechanism with the presence of holes. It has been shown that this overheating 

phenomena is quite complex and depends on the size of the samples. 

The second part of experimental work focus on the utilization of inductive heating as fast heating 

method before hot stamping. This work has been asked by Gestamp. The initial aim was to investigate 

fast heating (>30°C/s) of Zn-based coated Boron steel, in order to increase general productivity in 

comparison with the utilization of conventional furnace heating. Tests were also carried out with the 

equipment available at LTU. However, in case of both coating (Zn-Fe coated Boron steel and Zn-Ni 

coated Boron steel), results were not as expected. In both cases, Zinc has been vaporized which leads 

to poor surface quality. The initial speculation was the too fast heating rate, but by a decrease of the 

heating rate until the same temperature evolution as in furnace heating, the too fast heating rate has 

been excluded.  

Several investigations have been done about these particular mechanisms, without conclusive results. 

Some discussion with different professors, engineers and manufacturers in order to understand these 

mechanisms have permitted to understand mechanisms, but they are still not exactly known. The 

main assumption of the Zinc dissolution is based on two majors differences in comparison with 

furnace heating: 

 Open air system with new Oxygen available 

 High heat density, with micro hot spots 

The presence of hot spot at microscale in case of inductive heating leads to localized reaction between 

Zinc and Oxygen. Because of this reaction is highly exothermic, it increases the amount of energy 
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available, and the reaction continues at another position. Finally, the reaction is self-maintaining until 

the total dissolution of Zinc. It is only assumption, but based on concrete arguments.  

The tailored property manufacturing of structural components, as B-pillar of car, is actually achieved, 

but the integration of anti-corrosion properties on it, in one-step process, heated by inductive heating 

represents a real challenge. More investigations have to be performed in order to understand the 

behavior of Zinc coated steel heated by induction heating.  
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Appendix 

Appendix III.A Inductive heating of Zn-Fe coated Boron steel 

 

Appendix 1 – TTT Diagram of 22MnB5 Boron steel 
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Appendix 2 – Binary diagram Fe-Zn 
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Appendix 3.1 – Sample  IV 
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Appendix 3.2 – Sample V 
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Appendix 3.3 – Sample VII 
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Appendix 3.4 – Sample VIII 
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Appendix 3.5 – Sample IX 
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Appendix 3.6 – Sample X 

 

 

Air Gap was thinner (2mm), Still some vaporization of Zinc. 
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Appendix 4.1 – Tests at Company Fives CELES, Test 1 (Preliminary test) 

 

 

Characteristics:  

Solenoid inductor, with large air gap. Longitudinal flux.  

Regulation of temperature with pyrometer – Not precise (changing of emissivity).  

750°C was measured, but it should be a bit lower. Heating rate unknown, but less than 3 seconds to 

reach the temperature. 

Frequency:  128 kHz 

Power:  4,8 kW 

Current: 11.5A, 473V 

Frequency is too low, saturation of the sheet at Curie point, impossible to reach higher temperature 

But temperature higher than 650°C, and no vaporization of Zinc has been observed. A thick oxide 

layer is obtained. 

Too large air gap 
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Appendix 4.2 – Tests at Company Fives CELES, Test 2 

 

 

Characteristics:  

Solenoid inductor, with lower air gap. 

Word frequency of 250 kHz (due to changing of inductor) 

Regulation with pyrometer but control of temperature with thermocouple 

Problem of regulation due to changing of emissivity of the sample 

Vaporization of Zinc (Should be due to too high temperature). 

Sample quenched into water. 
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Appendix 4.3 – Tests at Company Fives CELES, Test 3 

 

Characteristics:  

Solenoid inductor (Same as previously) 

Word frequency of 250 kHz  

Regulation with pyrometer but control of temperature with thermocouple 

Problem of regulation due to changing of emissivity of the sample 

Vaporization of Zinc  

Sample quenched into water. 

 

 

 
 

Remark:  

 

The two edges of the sample were hold between two “stone” during the heating, to avoid 

moving. It has been remarked that on this place, the Zinc was not vaporized, may be due to a 

protection, but the heating has occurred.  

 

  

y = 769,34x - 13302 
R² = 0,8361 

0 
100 
200 
300 
400 
500 
600 
700 
800 
900 

1000 
1100 

0 50 100 150 200 250 300 

Temperature (°C) 

Time (s) 

Time/Temperature Curve - Test Fives CELES 
Sample Zn coated Test 2 

T° Sample 

Area 1  

Linéaire (Area 1 ) 



 

Industrial solutions for inductive heating of steels 

 

103 
 

Appendix III.B Inductive heating of Zn-Ni coated Boron steel 

Appendix 1 – Compiled data about Zn-Ni coating  

From “Zinc coating for hot sheet metal forming: Comparison of phase evolution and microstructure 

during heat treatments”, by J. Kondratiuk, P. Kuhn, E. Labrenz, C. Bischoff. (2011) [3]. 
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1. Temperature curve of tests     2. Initial microstructure 

       (Top view and cross section in corner) 

          

3. Microstructure at 700°C. 

 

 

 

A. Substrate 

B. Zn-Ni in Gamma phase 1 

C. Zn-Ni in Gamma phase 2. Only difference in chemical composition 

D. Top layer of ZnO 

Between A and B exists an interdiffusional layer.  
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4. Microstructure after 300s, 880°C 

 

 

 

 

 

One of the important conclusion:  

“Due to their evolved microstructural and chemical constitution compared to the initial state, diverse 

diffusion and oxidation behavior could be observed. Considering the electro-plated Zn–Ni coating, the 

addition of nickel and carefully chosen deposition parameters leads to a uniphase intermetallic 

microstructure having a significantly higher melting point than hot dip Zinc layers. The oxide layer 

formed on Zn–Ni coatings is much stronger than the oxide layer formed on HDG [Hot Dip Galvanized] 

coatings since the Zn–Ni deposition process does not lead to an initial alumina layer, which hampers the 

oxidation kinetics”  
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Appendix 2 – Binary diagram Zn-Ni 
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Appendix 3 – Discussions and remarks about thermocouple reliability 

 

During experiments, the reliability of the thermocouple has been suspected several times. The main 

clue of that was the color of steel compared to the temperature given by the thermocouple. 

Investigations have been done about measurements under magnetic field, but information about it 

are limited. Sellers and manufacturers give a precision between 1 to 3 % of the temperature, more 

under magnetic field, without any concrete values.  

In the studied case, observations go in both directions: (1) a large difference between the temperature 

measured and the real temperature, and in an opposite direction: (2.) a true measurement of the real 

temperature. These notes are only discussions and remarks about thermocouple measurements. 

1. Arguments and observation which confirms a large difference between the temperature 

measured and the real temperature.  

The initial argument was that the color of the steel was higher than expected, but it was uncertain due 

to the presence of a coating. To check it, a infrared pyrometer has been used, targeted on a sample 

heated by induction. The emissivity of the steel (it was a stainless steel, uncoated) is unknown, but 

between 0.8 and 1 due to presence of oxide. During inductive heating, at certain steps, the 

temperature has been measured with infrared pyrometer, at different emissivity, in addition to 

thermocouple measurements. The sample had a size of 10x40 mm, and the target window of 

measurements, about few millimeter. Figure below gives the relation size and position of target 

window of pyrometer. 

 

Curve below gives differences between both type of measurements.  
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Even if the real emissivity is unknown, but between 0.8 and 1, there is a delta of 70 to 100°C between 

both type of measurements. This difference is very large, but even if this difference really occurs, 

dissolution mechanisms are still below 900°C.  

2. Arguments and observation which confirm a true measurement: 

During tests, at 900°C, at the end of heating, when the inductive heating stops – it means that the 

magnetic field stops too – a “drop” of temperature should appear, because of the end of magnetic field 

influence. However , no “drop” of temperature has been observed (Figure below) 
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Besides, the equipment measuring the temperature contains an automatic detection of offset. It 

means that at the beginning, when the inductive heating is switched on, if there are excess of induced 

currents going to the thermocouple, they are detected and not taken into account in the measuring 

temperature. In addition, the same thermocouple has been set in boiled water, and temperature given 

by another device. The temperature was 100°C, which excluded intrinsic defects of thermocouple 

wires. 

No certitudes or conclusion can be established on the reliability of the measurements. Arguments go 

in both directions.  
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Appendix III.C Selective Inductive Heating of uncoated Boron steel 

 

1. Appendix 1 – TTT Diagram of 22MnB5 Boron steel [1] 

 

2. Appendix 2 – Color of steel (Tempered and heated) 

  

From http://www.asfabrications.co.uk/technical/steel-information/tempering-colour-chart (2013) 
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3. Appendix 3 – FeC Diagram 
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4. Appendix 4 – Microhardness tests results 
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