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Abstract

Wire-based directed energy deposition (DED) additive manufacturing (AM) uses an intense energy
source to melt metal wire feedstock and is capable of efficiently depositing large-scale components.
Wire preheating is promising to enhance the DED process productivity and part quality. Induction
heating (IH) is a controllable non-contact method for rapidly and precisely preheating the wire feedstock,
thereby significantly increasing the deposition rate. However, IH-based preheating of moving wire
feedstock is complicated and underexplored for AM applications. In this study, to understand the
complex electromagnetic heating mechanism, a multiphysics finite element model of coupled
electromagnetic and thermal fields was developed based on the formulation in Eulerian frame, which
improves the computational efficiency by 80.9 % compared to the model in Lagrangian frame.
Furthermore, in the case of wire feedstock passing through a stationary magnetic field at a constant
feed speed, a more efficient steady-state approach was proposed with 98.9 % computational time
saving than the transient model. The temperature prediction by the model was validated by
thermocouple measurement in an experiment. A range of coil geometries and setups were evaluated
using the developed efficient model, revealing the coil effects on the wire preheating temperature and
energy transfer.

Keywords

Induction preheating, Additive manufacturing, Directed energy deposition, Lagrangian method, Eulerian
method

© (2026) The Authors. Published by NAFEMS Ltd.

This work is licensed under a Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International License.

Peer-review under responsibility of the NAFEMS EMAS Editorial Team.

1 Introduction

Feedstock preheating is an auxiliary process in wire-based directed energy deposition (DED) additive
manufacturing (AM) to increase deposition rate or mitigate the undesirable effects caused by the
intense heat input during deposition of large-scale metal parts. As a result of the wire preheating, the
energy required from the primary heat source (e.g. electric arc, electron beam and laser) to form the
deposit bead is reduced, which is beneficial for minimising remelting and suppressing large epitaxial
columnar grain growth during the layer-by-layer deposition [1]. Previous research has demonstrated
that hot wire also mitigates the porosity through cleaning the wire surface, which reduces the formation
of trapped gas pores, removes contaminants such as oxygen, carbon and silicon, and changes the
behaviour of hydrogen in the melt pool [2], [3], [4]. In addition, wire preheating is an effective strategy
to increase deposition rates significantly, since for given power capacity and limit of the primary heat
source a higher wire feed speed can be applied after wire preheating [5], [6], and it also improves energy
absorption of wire in laser DED AM [7], [8], [9].

Conventional preheating techniques directly involve the Joule effect, such as resistance heating and
bypass heating, which generate an electric current through an additional cable connected to an auxiliary
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power source. However, the disadvantage of these techniques is the loss of stability of the arc for AM
due to the induced magnetic blow, and consequently it limits the flexibility for wire feeding. Induction
heating (IH) is an effective non-contact heating method, offering a highly controllable heat source
suitable for rapid preheating, which avoids magnetic blow and is applicable to most metals [10], [11].
During IH-based wire preheating, the wire moves through and is exposed to a high frequency alternating
magnetic field, which generates eddy currents inside the material, resulting in precise heating of the
moving feedstock to the target temperature due to the material resistance. Electromagnetic and heat
transfer phenomena are involved in IH, which are complex physical processes; hitherto, inductive
preheating of moving feedstock is an underexplored research area for AM. The existent studies usually
used the coil current input, instead of the actual preheating temperature in the wire, to indicate the
degree of wire preheating. In this context, there is a gap in accurately controlling the preheating
temperature and optimising the IH process for AM.

The present study is aimed to understand the electromagnetic heating phenomena during IH-based
wire feedstock preheating via evaluation of various coil geometries and setups using a highly efficient
multiphysics model and investigating their effects on preheating temperature and energy transfer. A 2D
axisymmetric finite element model is developed to couple the electromagnetic and thermal fields,
enabling the study of the temperature evolution of a moving metal wire passing through a high-
frequency magnetic field using models in both Lagrangian and Eulerian frames. The proposed
numerical model can accurately predict the transient temperature profile of the moving wire.
Additionally, the steady-state model can significantly improve the computational efficiency.

2 Material and Methods

A 2D axisymmetric finite element model was generated to couple the electromagnetic and thermal
fields. The computational domain encompasses the wire, coil, and air, as illustrated in Figure 1.a-b. for
the Lagrangian frame and c-d. for the Eulerian frame. The following assumptions or simplifications are
made to reduce the complexity of the modelling.

e The air domain is limited to the region surrounding the coil and the wire. The contribution of the
far field to the induction heating is assumed to be negligible, as the electromagnetic field
intensity decays with distance from the coil [12].

¢ An infinite element domain is introduced at the outer boundary of the air domain to model an
open space. This artificial domain prevents field distortion at the air boundary, and such
distortion introduces errors in the electromagnetic field [9].

e The coil is assumed to be a toroid without winding structure. This simplification preserves the
essential current distribution and magnetic field generation while significantly reducing the
complexity and allowing 2D representation [13].

e The computational domain is divided into several physical-field domains in which the equations
are not all solved. The electromagnetic field is solved in the infinite element domain, the air
domain, the wire domain, and the coil domain, while the thermal field is solved only in the wire
domain.

The wire passes through the coil at a constant feed speed during the IH-based wire preheating. The
temperature profile is not only related to the position of the wire in the magnetic field but also to the
thermal history of the heated wire. The model created in this study uses Lagrangian and Eulerian frames
to describe the dynamic thermal effects of the moving wire. In the Lagrangian frame, the material
coordinate system moves with the wire, and the mesh is updated over time. Notably, a part of the air
domain needs to be defined to move synchronously with the wire domain, forming a moving
computational subdomain associated with the wire motion. Local mesh refinement was applied in the
moving air boundaries based on the minimum time step to mitigate excessive mesh distortion induced
by the mesh motion [14]. The moving air domain does not represent physical air motion; it is introduced
to facilitate the Lagrangian description of the moving wire. An identical continuity boundary condition
was imposed at the interface between the moving air subdomain and the stationary air domain to ensure
continuity of the magnetic field and magnetic flux across the boundary, as shown in Figure 1.a.
Differently, the modelling domain in the Eulerian frame is unchanged throughout the simulation, as
shown in Figure 1.c. The field variables are expressed as functions of fixed coordinates in the spatial
coordinate system and the model updates the state of the domain at each time step based on a fixed
mesh without domain motion. Specifically, it should be noted that in the Lagrangian frame the length of
the wire and the air domain with synchronous motion was adopted to be 270 mm, as compared to the
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150 mm wire length considered in the Eulerian frame. The larger wire length in the Lagrangian model
is necessary to obtain results equivalent to the Eulerian model at the same heating time, and a moving
mesh method was employed to simulate the actual motion trajectory of the wire. Furthermore, extending
the air domain to the full length of the wire would introduce a large number of elements in regions where
the magnetic field has already decayed to negligible levels in the Lagrangian frame. Therefore, the air
domain was deliberately reduced, such that further enlargement of the air domain provided no additional
contribution to the preheating temperature, ensuring comparable numerical accuracy between the
models in the Lagrangian and Eulerian frames.
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Figure 1. lllustration of computational domains and boundary conditions: a. Electromagnetic field in
Lagrangian frame, b. Thermal field in Lagrangian frame, c. Electromagnetic field in Eulerian frame, d.
Thermal field in Eulerian frame.
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The IH process parameters are summarised in Table 1. A stainless-steel filler wire, typically used in
wire-based DED AM, was considered in the model, and its chemical composition is provided in Table
2. The relative magnetic permeability [15], [16], electrical conductivity, thermal conductivity and
constant-pressure specific heat capacity of the wire were adopted from the literature [9].

Table 1. Geometrical and IH parameters of the finite element model.

Geometrical / IH parameter Value
Wire diameter 1.6 mm
. 150 mm (Eulerian frame)
Wire length 270 mm (Lagrangian frame)
Wire feed speed 5 mm/s
Coil turns 7
Distance between adjacent turns 1 mm
Coil length 41 mm
Coupling distance 6.7 mm
Current 300 A
Frequency 355 kHz
Heating time 20s
Table 2. Chemical composition of the stainless-steel wire (unit: wt%).
C Cr Ni Mo Mn Si P S Cu Fe
0.07 18.6 8.0 1.2 7.1 0.8 0.03 0.03 0.75 Balance

The boundary conditions of the models in the Lagrangian and Eulerian frames are same in the
electromagnetic fields (Figure 1.a and c.) The description of the electromagnetic field in each
computational domain is derived from Maxwell equations [17]. By introducing the magnetic vector
potential 4, the governing equations for the electromagnetic field analysis are Eq. (1) - Eq. (7). The
initial condition of the magnetic field is 4 = 0, and the magnetic insulation boundary condition is set at
the boundary of the air domain.

Air domain:
VXEVX,E—Vx(lV-E):o (1)
u u
7=0 (2)
Coil domain:
1 5 1 N
]?=|7><—|7><A—|7><<—|7-A) @)
I "
i=TJs 4)
Wire domain:
VZ(p +a(thA) —0 (5)
.y 10 )+ 2 4 v = 6
Px27xA-7x (17 4)+5+aVp =0 (6)
— 94
Je =75~V (7)

where 7 is the current density (A/m?), 77 is the eddy current density (A/m?), ], is the source current
density (A/m?) in the coil, u is the magnetic permeability (H/m), 4 is the magnetic vector potential
(Wb/m), ¢ is the scalar potential (V), and ¢ is the electrical conductivity (S/m).

The water-cooling channel inside the coil of the IH system ensures no substantial variation in the coil
temperature. Therefore, for the thermal field, only the wire domain is considered, as shown in Figure
1.b. and Figure 1. d. The heat conduction within the wire domain is described by Eq. (8) in the transient
model. The Eq. (9) is the governing equation of the steady-state model.

PCy It pCyu VT =7+ (kVT) = @ = Qi + QO ®)
pCyu VT =V - (kVT) = Q¢ = Qrp + Qs 9)
Qrn =3Re(J - E") (10)
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Qmi = Re(jwB - HY) (11)

where p is the density (kg/m?3), ¢, is the specific heat capacity (J/(kg-K)), u is the feed speed of the
moving wire (m/s), VT is the temperature gradient (K/m), k is the thermal conductivity (W/(m-K)), Q,, is
the resistive loss of eddy current (W/m?2), @,,,; is the magnetic loss (hysteresis) (W/m?®), Re is the real
part of the product J - E*, j is the imaginary unit, and w is the angular frequency (rad/s).

The boundary conditions of the thermal field are determined by convection (Eq. (12)) and radiation (Eq.
(13)) in the Lagrangian frame. In the Eulerian frame, the two cross-sectional ends of the wire are the
modelling boundaries of the computational domain of the wire rather than the actual wire ends.
Therefore, a constant temperature equal to the room temperature was set at the inlet end, indicating
the temperature of the wire before entering the coil, and the thermal insulation boundary condition was
set at the outlet end to represent the internal cross-section of the wire without convection and radiation.

—-n-q= h(Texternal - T) (12)
—n-q= EO-(thmbient - T4) (13)
where q is heat flux (W/m?), h = 15 W/(m?-K) is convection coefficient, T,,..,nq iS €xternal environment

temperature (304.15 K), £¢=0.5 is emissivity of wire surface, o is Stefan-Boltzmann constant
(5.670374419x10°® W/(m?K*)), and T,ppien: is ambient temperature (304.15 K).

Figure 2 shows the meshes of the two finite element models. Due to the skin depth, a fine boundary
layer mesh was added to the wire and coil. The air domain also has a fine mesh to resolve the magnetic
field around the coil. A coarse mesh was used for the rest. The finite element model was solved using
a high-performance workstation with AMD Ryzen Threadripper PRO 5945WX CPU (12 cores). The
MUMPS solver in COMSOL software was employed in conjunction with linear finite element
interpolation to ensure numerical stability and robustness. Temporal discretisation was carried out using
the implicit backward Euler method, with the maximum step size constrained to be 0.01 seconds.

a. b. C.

Figure 2. Meshes in the finite element models: a. Lagrangian model, b. Eulerian model; and the
zoomed-in view of the boundary layer mesh: c. Wire, d. Coil. The scale ratio is 1.8 (Lagrangian
model):1 (Eulerian model).
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3 Results and Discussion

3.1 Experimental validation

A moving wire induction heating experiment was conducted to validate the transient models using the
Lagrangian and Eulerian approaches (the experimental parameters are also provided in Table 1). As
shown in Figure 3.a, the experimental setup was same as that used in the authors’ previous work [9],
consisting of a K-type thermocouple, a fixture, a 7-turn helical coil, and an induction heating system
(Ambrell EASYHEAT). The coil was operated at a current of 300 A. The wire was fed at a speed of 10
mm/s by a wire feeder and passed through a straightener before entering the coil. The thermocouple
was positioned 50 mm away from the coil to monitor the wire surface temperature while avoiding
interference from the magnetic field. A flexible spring was used to maintain stable contact between the
thermocouple and the wire surface without disturbing the wire motion. The simulation results are in
good agreement with experimental measurement (Figure 3.b), especially for the temperature at the
stable level under a quasi-steady state. The predicted temperatures by the Lagrangian and Eulerian
models are also consistent, with only 0.18 % difference.
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Figure 3.a. Schematic of experimental setup, b. Comparison between experimental and transient
modelling results.

3.2 Comparison between different simulation techniques

The prediction differences in temperature and magnetic field intensity between the Lagrangian and
Eulerian transient models are less than 1 %, particularly small after the wire attains the quasi-steady
state (Figure 4). Table 3 shows the numbers of elements in the models and the comparison of the
computational time. The computational time for the Eulerian transient model is significantly reduced by
80.9%.

Table 3. Comparison between the Lagrangian and Eulerian transient models.

Number of Computational time Time saving by Eulerian
elements model
Lagrangian model 14272 5030 s N/A
Eulerian model 14109 963 s 80.9 %

3.3 Applicability of the steady-state model

Both the prediction by the transient model and the experimental result (section 3.1) indicate that the
wire temperature attained a steady-state stage after heating of short time, and the temperature
distribution in the space tends to be constant. It is hence surmised that each section of the wire
experiences the same thermal cycle after it passes through the coil and then loses heat by convection
and radiation to the environment, gradually reaching a thermal equilibrium in the space. In a wire-based
DED AM process, constant wire preheating temperature is essential for melt pool stability and
deposition quality. A steady-state model was hence created in the Eulerian frame described using the
spatial coordinate system. Figure 5 shows the surface temperature distribution of the wire. It is evident
that the temperature fields predicted by the steady-state and transient models are almost identical.
However, the computational time of the steady-state model is only 11 seconds, meaning that the total
time saving is around 98.9 % in comparison with the Eulerian transient model.
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Figure 4. Distributions of temperature (unit: K) in the wire and magnetic field intensity (unit: T) in the
air: a. Lagrangian transient model, b. Eulerian transient model.
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Figure 5. Thermal and magnetic profiles predicted by the models in the Eulerian frame (the wire
diameter is exaggerated by two times): a. Steady-state model, b. Transient model (t = 20 s).

3.4 Influence of coil geometry on wire preheating

Due to the high computational efficiency, the Eulerian steady-state model was employed to further
analyse the effects of different coil geometries (Figure 6) on wire preheating. Figure 7 shows the
temperature distributions on the wire surface in the steady state for the helical and spiral coils. The wire
temperature rose rapidly after entering the coil area and reached the highest temperature at the exit
end of the coil, and then the wire temperature exhibited an approximately linear decrease. The wire
temperature profiles for the helical coils with different section shapes are almost the same, while the
wire achieves a higher temperature in the spiral coil. It is hence demonstrated that the coil shape
influences the wire preheating temperature, which, however, is insensitive to the coil wire cross-section.
The smaller distance between the spiral coil and the wire allows the magnetic field to have a higher
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coupling efficiency. Therefore, the coil geometry should be appropriately adjusted to obtain the desired
preheating temperature.

Wire feeding
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R ]

Figure 6.a. Helical coil with circular section (this coil was used in the validation experiment), b. Helical
coil with rectangular section, and c. Spiral coil with circular section.
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Figure 7. The temperature distribution on the wire surface in the computational domain.

3.5 Coil with magnetic concentrator

To further explore a better heating strategy, a Ferrotron 559H magnetic concentrator was added around
the helical coil. The material parameters of the magnetic concentrator were adopted from the literature
[18]. Figure 8 shows the temperature and magnetic flux density slices of the wire. It is seen that the
concentrator plays an important role in the magnetic field distribution. Compared with the helical coil
alone, the coil with the magnetic concentrator increased the peak temperature from 770.78 K to 805.13
K. Through volume integration in the wire domain using the electromagnetic volume loss density, it is
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found that the energy transferred to the wire increased from 43.68 W to 46.56 W after adding the
magnetic concentrator. This would be useful for future work where the magnetic concentrator can be
optimised to maximise the energy transfer to the wire.
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Figure 8. Temperature profile in the wire domain and magnetic field strength in the air domain under
steady state (the wire diameter is exaggerated by two times): a. Helical coil alone, and b. Helical coil

with magnetic concentrator.

4 Conclusions

This study developed electromagnetic and thermal coupling models based on the Lagrangian and
Eulerian frames to analyse the induction-based preheating of a moving filler wire for DED AM. The
model prediction was validated by the experiment, and different simulation methods were compared.
The following conclusions are drawn:

Both the Lagrangian and Eulerian transient models accurately predict the evolution of the wire
preheating temperature. The Lagrangian model replicates the real-world motion of the wire,
while the Eulerian model focuses on the physical variables in a controlled volume and shows
an 80.9 % saving in computational time for a similar prediction accuracy.

The Eulerian steady-state model is applicable to the induction heating problem of the moving
wire after reaching thermal equilibrium in the controlled volume, showing a significant
advantage of 98.9 % computational time saving compared to the Eulerian transient model.

The modified coil geometry and the addition of a magnetic concentrator can improve the wire
preheating performance, a result that is beneficial for enhancing heating uniformity and energy
efficiency. The developed Eulerian transient and steady-state models can be used in further
study of the interaction between wire preheating and deposition in wire-based DED AM for
process optimisation.
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