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Abstract
In additive manufacturing (AM), three-dimensional objects are built layer by layer by joining each layer to the previous one. For
metal parts, there are three main methods: powder bed, powder deposition, and wire deposition. This latter makes optimal use of
the material in contrast to other processes, which makes it very interesting industrially. Indeed, with powder, the ratio between
powder used and powder melted is not equal to one, in opposition of the use of wire. In order to ensure the proper melting of the
metal, several methods already exist, including the use of lasers or electric arc. This paper presents a novel approach of wire
deposition using inductive energy for additive manufacturing applications. This approach does not make use of a storage of the
molten material. Instead, the tip of a metal wire is melted by an induction heating system. Inductive energy is also used to obtain
an optimal thermal gradient between the tip of the wire and the substrate or previous layer. A numerical model has been
developed and validated experimentally. It shows that the induction heating system is able to melt the tip of the wire and heat
the substrate to create suitable deposition.
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1 Introduction

There exists a variety of techniques, in additive manufacturing
(AM), that build three-dimensional objects layer by layer by
joining each layer to the previous one. It is also known as solid
freeform fabrication (SFF), and it has evolved from early rapid

prototyping manufacturing techniques. AM techniques are
becoming very popular [1], because they are flexible, eas-
ily automated, and capable of producing functional and
complex objects of different materials, polymers being
the most common ones. The use of AM for directly
manufacturing metallic parts is very interesting, especially
for objects with complex shapes and small production
volumes. For these reasons, it is principally used in the
medical, aeronautical [2], and die manufacturing indus-
tries [3].

AM techniques for producing metallic parts can be sepa-
rated into two groups [4, 5]: (a) those which—in a first step—
metal powder is put into a container beforemelting it locally to
create the first layer of the part, and—in a second step—again
covers powder and locally melting for the second layer, until
the part is finished. And (b) those which directly deposit the
metal corresponding to this cross-section (Direct Electron
Deposition, DED) and, if necessary, use auxiliary support
structures. Selective laser melting (SLM), selective laser
sintering (SLS), and electron beam melting (EBM) are some
examples of techniques included in the first group [6].
Functional graded materials (FGM) are also studied. This
technique can couple two—or more—materials during the
deposition process to create better mechanical characteristics
and/or bio-compatibility of the part [7, 8].
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There are several technologies included in the second
group which differ in the way the metal is fed and
melted. A sub-classification can be made: those using
metal powder—laser metal deposition (LMD)—and
those using wire—wire additive manufacturing (WAM).
Laser systems are the most used among several com-
mercial solutions such as direct metal deposition
(DMD), laser-engineered net shaping (LENS), and direct
light fabrication (DLF). These techniques use a specific
deposition head that provides the metallic powder, a
shielding gas and a laser beam to melt the metal. The
high-energy laser is located at the centre of the deposi-
tion head. The laser is focused on a point of the sub-
strate to create a molten pool. The metallic powder is
carried by the shielding gas stream through the feeding
nozzle and is delivered to the molten pool. In this tech-
nique, the metal powder melts and then solidifies as the
deposition head moves away from that point. These
systems have been able to produce fully dense metallur-
gical parts from materials such as steels, alloy steels,
nickel super alloys, or titanium alloys. Some variation
of this setup combines a subtractive process (CNC pro-
cess) and the additive process [9, 10].

Several attempts have been made to adapt arc-welding sys-
tems for AM. These systems use an electric arc as the energy
source to produce the metallurgical bond between the filler
metal—a wire—and the substrate [11, 12]. The electric arc is
established between an electrode and the substrate inside a
shielding gas. Metal deposition has been achieved using gas
metal arc welding (GMAW), gas tungsten arc welding
(GTAW), and plasma arc welding (PAW) torches. In
GMAW-AM process, the added material is a metallic wire
which is also used as a consumable electrode. It melts the wire
tip and forms the pool on the substrate. Variations of the wire
tip are using short circuit energy, instead of an arc, to produce
metal melting without splashing. In GTAM-AM process, the
arc feeling and the metal feeding are controlled independently.
The arc is formed between the substrate and a non-
consumable tungsten electrode inside the shielding gas. The
wire tip is melted as it is introduced in the pool by an inde-
pendent wire feeding system. PAW-AM systems are similar to
GTAW-AM, but they obtain a higher energy concentration by
using a constricted plasma arc to induce melting. This allows
one to work at a higher deposition speed or with higher melt-
ing temperature alloys [13].

This paper presents a novel technique tomelt the wire tip of
alloys stainless steels by using an induction heating system.
The essential difference with respect to those described above
resides in the energy source. Some studies have been done
with induction heating in a drop production system in AM
[14]. In this technique, the tip of metal wire is melted by an
induction heating system when it is introduced in a nozzle,
where the metal emerges at the bottom by a continuous drop

formation. The technique proposed here does not use any
nozzle or crucible, by opposition to the work made by [15],
and the metal is melting and linked to the substrate only by the
action of the inductor system. The new view for melting metal
in additive manufacturing that is proposed here forces us to
create a numerical model of this technique to ensure the val-
idation and the potential of this new approach for additive
manufacturing. The numerical model has been created using
the Multiphysics Software COMSOL, with AC/DC module
which adds possibilities for magnetic fields studies. This
method of deposition offers an important advantage over the
previous ones: it is possible to be more energetically efficient,
because it could be adjusted to consume only the energy nec-
essary to melt the wire tip and preheating the substrate to
ensure a proper bond at any times. In addition, the device
makes use of simpler tools, because one does not keep a res-
ervoir of molten material during the process, which could
induce some splashing.

2 The proposed approach

2.1 System description

The proposed technique is essentially composed of an induc-
tion heating power supply with a maximum power of 6 kW
with a dedicated water-cooling system, a 3-axis machine to
assure the displacement of the deposition head and a wire
feeding system for the metal deposition (Fig. 1a). At the tip
of the deposition head, the inductor coil is used to melt the
wire and the substrate at the same time. The open-loop geom-
etry serves to further the heating of the substrate, thanks to the
small distance between the two of them, with a possibility for
the melted material created by the coil to be evacuated (Fig.
1b). A gas shield—Argon—is also present to prevent the ox-
idation of the melted metal during the deposition.

The procedure for producing the layer consists of the fol-
lowing steps: (1) the coil is used to ensure preheating of the
substrate in order to start the deposition on a substrate with a
temperature close to the melting. (2) When the temperature of
the substrate is reached, the wire is introduced in the coil to be
melted with the substrate. (3) The wire feeding speed (WFs)
and travel speed (Ts) are set and the deposition can start.
During the creation of the layer, a stationary operating point
is established. This stage is the subject of this paper.

The main problem in additive manufacturing is to assure a
mechanical bond between the new layer and the previous one.
In order to assure this association of material, a microscopic
bond between the substrate and the layer deposited is essen-
tial. To create a bond without any mechanical issues—poros-
ity, cracks for example—the deposited material and the pre-
deposited one should have a similar microstructure. Indeed, if
the microstructure evolution is too different, there is a high
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risk of cracks at the interface, which will cause a loss of me-
chanical behaviours. The first step is to make this bond
correctly.

The approach used in this study is to have the interface
between each layer at the melting temperature during the
deposition process. With this high temperature, each layer
has the same metallurgical phase, and at the microscopic
scale, the bond is made, without difficulty. However, dur-
ing the deposition, the thermal diffusion between the first
deposition—on a substrate—and after—on a previous lay-
er—could be different, which requires an adaptation of
the inductive power in order to guarantee the deposition
temperature.

The purpose of the simulation and the experiments is to
validate the mechanical association between layers. A numer-
ical model is created in a first step to determinate the geometry
and characteristics needed by the process to ensure a good
deposition, and link between each layer and the experimental
validation is made in order to adjust the numerical model to
the real properties of the approach and to endorse the model
and the approach (Fig. 2).

2.2 Numerical model

The objective of the model is to show the possibility of
deposition using induction heating. The thermal aspect of
the deposition is the main objective. All the analysis is
made with stainless steel 316 L as material (wire or sub-
strate) with thermal emissivity of 0.8 and a melting point
of 1450 °C. The thermal losses—radiation, convection,
and conduction—in the substrate and the wire are includ-
ed in the numerical model which used a two-step algo-
rithm (Fig. 3).

The results on the temperature field (T(x,y,z)) shown are in
steady state. They are obtained by following a few steps: (1) a
frequency study is made at the beginning to model the elec-
tromagnetic field (HPV(x,y,z)) created by the circulation of
current in the coil of the inductor system. This magnetic field
is also used—in the same step—to obtain the current density

in the different components—wire and substrate (Fig. 4a). It is
this density of current which is used for the second step. (2) A
stationary thermal study is made using the first step’s results
(Fig. 4b). The current density obtained is reused to be assim-
ilated as a heating source in the study. A movement of the
substrate and the wire is made virtually—to simulate the evo-
lution of the deposition rate—by associated an extremity of
the wire—respectively of the substrate—with an ambient tem-
perature and add a movement of this temperature field at the
speed of the wire feeding—respectively at the travel speed.
So, the results shown are in Eulerian point of view.

Three parameters are temperature-dependent: the electrical
conductivity, γ(T); the thermal conductivity, λ(T); and the
specific density, ρc(T).

Fig. 2 Validation steps proposed

Fig. 1 Global description (a) and
details (b) of the deposition head
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3 Results

3.1 Current density

At the end of the first step of the simulation’s calculation—
frequency analysis—the current density is obtained. This
gives knowledge which surfaces—of the wire and sub-
strate—are the most affected by the magnetic field, which
allows for an optimisation of the coil’s geometry to have a

better distribution of the magnetic field and therefore, of the
current density. The results here are shown with a coil geom-
etry that is optimised for a coil with a circular section, and
which can be fabricated for experimental validation (Fig. 5a).
The focus is on the current density J (A/m2) because of the
link between the temperature field w (W/m3), in the substrate
or/and in the layer, as Joule’s law demonstrated [16]:

w ¼ ρJ 2 ð1Þ

Fig. 3 Algorithm for calculation
of coupled electromagnetic and
temperature field

Fig. 4 a Distribution of current
density (A/m2). b Thermal
distribution (°C) during the
deposition
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with ρ the electrical resistivity of the material (Ω.m). The
temperature field is highly dependent on the density of cur-
rent. As a consequence, the higher temperature field will be
located where the current density is at its maximum.

The coil geometry impacts the density of current but it is
not the only parameter to take into account—in the magnetic
field. The distance between the coil and the part—wire or
substrate—should be very small to obtain a better current den-
sity efficiency (Fig. 6) and as a consequence a better heating
efficiency (Fig. 7). The higher this distance, the more magnet-
ic losses are present. The augmentation of these losses reduces
exponentially the current density in the part and by implica-
tion, the maximal temperature reachable:

T ¼ T0e−β:z ð2Þ
with T0 the maximal temperature for a coil distance with the
substrate and z close to 0 mm.

By definition, the magnetic field is all around the coil’s
open loop. There is also a magnetic loss in regions further
away from the wire and the substrate. To minimise this loss
and to have as a consequence, a better efficiency, a magnetic
shield is added on the coil geometry (Fig. 5b). The thermal
evolution increases by 50% when a magnetic shield is added
(Fig. 8).With this system, it becomes possible tomove the coil

slightly away from the substrate or/and to increase the speed
of the deposition, for a given power.

In conclusion, the increase of the magnetic heating in the
part is directly coupled to the current density. At a fixed in-
ductive power, the increase of coil inductor distance leads to a
considerable reduction in the density of currents within the
part. Thereby, to increase the heating, there are at least three
possibilities: reducing the coil inductor distance with the part,
adding a magnetic shield to the coil without changing the coil
distance, or a coupling of these two solutions: reducing the
distance and adding a magnetic field to the coil. These opti-
misations allow for an energetic gain in the part, which will be
allowed to increase the deposition parameters (Ts and Wfs)
without any changes to the coil geometry or/and inductive
power.

3.2 Interface’s thermal behaviour

The AMmain objective is to deposit a material layer by layer.
To ensure that a link should exist between the layer, this link is
made by the thermal behaviour at the layers’ interface.
Depending on the inductive power, coil distance, and magnet-
ic shield, this thermal behaviour changes—for fixed Ts and
Wfs. To consider two layers with a definitive bond, it is nec-
essary to have a similar thermal history. With adaptation of the

Fig. 5 Coil geometry without (a)
and with (b) magnetic shield

Fig. 6 Current density evolution of the substrate in function of the coil
distance for 4.5 kWof power

Fig. 7 Thermal evolution of the substrate in function of the coil distance
for 4.5 kWof power
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coil distance, inductive power, and magnetic field, we are able
to concentrate the heat at the lower deposition position—close
to the interface—and create a common thermal history be-
tween the substrate and the melting metal.

This common thermal history needs to be local. If the sur-
face with a temperature close to the melting point is bigger
than that of the layer, there is a risk of layer collapse. This

would modify the magnetic behaviour of the field with the
layer and substrate due to the change of geometry and as a
consequence the heat. The objective of the simulation is to
determine suitable deposition parameters. The second step
after the simulation is to carry out experimental validation.
With this intention, the inductive power is fixed at 4.5 kW,
the coil optimisation—magnetic shield—is not used and the
coil is positioned at 0.5 mm from the substrate.

At the deposition interface, the principal parameter
influencing the temperature is the travel speed—with the in-
ductive power fixed. However, the mechanical link, and the
common microstructure between the deposited metal and the
substrate are only possible if—close to the wire’s tip—the
temperature is a little lower than the melting point. As a re-
minder, these studies are made for stainless steel deposition,
which has a melting point close to 1450 °C.

For such a thermal condition, a Ts to more than 120 mm/
min (Fig. 9c, f, i) is not suitable. Indeed, at this speed, the
interface temperature is close to 1300 °C, which is too low,
in comparison with the melting point. Conversely, a minimum
Ts of 60 mm/min (Fig. 9a, d, g) leads to a temperature that is
extremely close to the melting point of the material. With a

Fig. 8 Thermal evolution of the substrate in function of the coil distance
with and without the magnetic shield

Fig. 9 Thermal iso-values (°C) during the deposition for different travel speed and wire feeding speed for 4.5 kW of inductive power
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temperature too close to the melting point, the risk of collapse
of the substrate is higher. Finally, an intermediate Ts (around
100 mm/min) allows an interface temperature between 1300
and 1400 °C, which is lower than the melting point and thus
limits the possible collapse of the substrate (Fig. 9b, e, h).

In terms of Wfs, the simulation results show a very small
movement of the thermal iso-values in the direction of the
wire tip when the speed decreases. Otherwise, an increase in
Wfs reduces the interface temperature and increases the risk of
a non-regular link/or no link between the deposited metal and
the substrate.

3.3 Experimental validation

In order to validate the numerical model, an experimental
validation was made, with the same inductive power and coil
position. As predicted, in the numerical simulation, if the trav-
el speed is around 120 mm/min, the heating of the substrate is
insufficient to create a permanent link between the melted
wire and the substrate. The melting metal is deposited in a
discontinuous manner (Fig. 10a). However, if the travel speed
is close to 60 mm/min, the heat in the substrate is too high and
the deposition is not viable. With a Wfs at 120 mm/min, the
substrate collapses under the effect of an important energy
added by the wire melted (Fig. 10b). Indeed, with a low travel

speed, the substrate temperature is close to the melting point,
and the addition of the melted wire creates a more heat. Such
heating causes an over-penetration of the layer into the sub-
strate. For the same Ts and a Wfs at 100 mm/min, the deposi-
tion is not constant (Fig. 10c). This results in an excessive heat
supply in the wire which induces too fast a melting of the wire
for this travel speed, which may lead to the creation of deposit
pads. At intermediate travel speed, i.e., 100 mm/min, the de-
position is not completely linked to the substrate, which indi-
cates a lack of heating during the deposition (Fig. 10d). But
this travel speed does not lead to deposit pads, which indicates
that the adequate travel speed is close to 100 mm/min.

Concerning the wire feeding speed, the experimental re-
sults show inability to melt the wire if Wfs is higher than
120 mm/min, for a travel speed of at least 100 mm/min.
Conversely, a Wfs lower than 90 mm/min creates too much
heat in the wire and causes inability to deposit the melting
wire (Fig. 10e). The melting metal stays on top of the coil
inductor under the effects of Lorenz’s forces.

These experimental results, together with the simulation,
confirm the necessity to have a temperature at the layer—
substrate interface close to 1350 °C, and a maximal tempera-
ture not exceeding 1800 °C throughout the wire—in order to
limit the influence of the Lorentz forces and to ensure the
proper melting of the wire.

The result shown in Fig. 11 confirms the link between the
layer and the substrate. For this result, the Ts is fixed at
90 mm/min and the Wfs is set at 110 mm/min. Some aspects
are notable: the layer geometry is very regular and homoge-
neous. These geometrical aspects could represent a positive

Fig. 10 Experimental results for
different Ts and Wfs

Fig. 11 Thermal iso-values (°C) and corresponding result at Ts 90 mm/
min, Wfs 110 mm/min, 4.5 kWof inductive power Fig. 12 Multi-layer deposition (3 layers)
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effect of the magnetic field on the melting material before its
natural cooling. The numerical model (Fig. 11) corresponding
to the experimental results allowed us to gain knowledge of
the thermal characteristics—for this simulation—correspond-
ing to process parameters that lead to a good deposition. For a
change of power induction, travel speed, or wire feeding
speed—for example—a thermal evolution close to the results
introduced here needs to be found.

The numerical model is developed at first for one layer
deposition, but AM is a creation of complex parts, which
means there is more than one layer. Multiplayer deposition
had beenmade (Fig. 12) and shown interesting results in terms
of geometrical aspect.

However, during the experimentation, some aspects are not
taken into account. For example, the magnetic field behaviour
between the simulation and the experimentation could differ
around the wire (affected by the flowing gas). Also, the ge-
ometry of the coil could be slightly different between the
experiments and the numerical model. This numerical model
of the studied process is a first approach, and it will need to be
further developed in order to gain a better accuracy on the real
thermal behaviour during the deposition process. For exam-
ple, the numerical model could include phase changes of the
material and use a coil geometry closer to the real one and
include multi-layer deposition aspects.

One principal difficulty with this approach is the magnetic
behaviour of the substrate and the wire during the deposition.
When the metal reaches the melting point, the microstructure
is changing depending of the initial composition with—prin-
cipally—a ferrite creation, when iron base material is used.
This change could make a non-magnetic metal magnetic,
and by consequence change its magnetic behaviour. A differ-
ent behaviour will make the heating process changing depend-
ing of the ferrite percent create after the first deposition. In
order to limit this effect, an austenite material could be used.
This metal does not have ferrite creation after reach the melt-
ing point according to Schaeffler diagram [17].

4 Conclusion

In this paper, a novel technique to melt the metal is pro-
posed—via simulations and with a first experimental valida-
tion—using an inductive power source. In this technique, the
wire is melted by the magnetic field created by the inductive
coil. To induce the melting, a first optimisation on the coil has
been made. For the creation of parts using this technique, a
definitive link between the melted wire and the substrate must
exist. This bond is also made by induction heating. The mag-
netic field—which melts the wire—is also used to heat the
substrate on its surface to create a common thermal history
between the melting metal (wire) and the substrate. This com-
mon thermal history refers to a melting point. When this

melting point is reached, the bond between layers is created.
The proposed technique is easily adaptable depending on the
material used, by adapting the power induction and potentially
the coil size. However, this technique makes it difficult to
deposit layers side by side due to the coil’s geometry.

The present paper deals with magnetic fields created by an
inductive source in a wire additive manufacturing context.
The manufacturing apparatus is already being designed, and
the first experimental tests give interesting results for this nov-
el technique.
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