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Abstract: Induction heating is a fast, reproducible, and efficient heating method used in various manufacturing

processes. However, there is no established additive manufacturing (AM) process based on induction heating

using wire as feedstock. This study investigates a novel approach to AM based on inductive heating, where a steel

wire is melted and droplets are detached periodically using a two-winding induction coil. The process parameters

and energy input into the droplets are characterized. The induction generator exhibits sluggish response to

the excitation voltage, resulting in a lag in the coil current. The process is captured using a high-speed camera,

revealing regular droplet formation and uniform size and shape when operated within an appropriate process

window. Larger drops and increased spatter formation occur outside this window. The proposed method allows

for the production of droplets with almost spherical shapes. Further analysis and characterization of droplet

formation and energy input provide insights into process optimization and overall efficiency.

Keywords: additive manufacturing; directed energy deposition; 3D printing; induction heating; calorimetry; mild

steel; wire feedstock; pulsed power; process monitoring

1. Introduction

Over the past few years, additive manufacturing (AM) technologies have seen significant ad-
vancements and are becoming established manufacturing methods in more and more industries [1,2].
Besides technical applications, systems based on the principle of Fused Filament Fabrication (FFF)
for polymer processing have now found their way into many private households [3]. However, the
processing of metals is often of higher interest for technical purposes due to their superior mechanical
properties, thermal, and electrical conductivity and resistance to environmental factors. Laser Powder
Bed Fusion (LPBF) is particularly suitable for small-volume components with complex geometries
and has been able to establish itself in recent years as a widely used manufacturing process for a
wide variety of material groups, such as steel, aluminum-, titanium-, magnesium- and nickel-based al-
loys [4–7]. However, the cost-effective production of large-volume components using LPBF or other
powder-based processes still poses a challenge [8]. For this purpose, wire-based processes like Wire
Arc Additive Manufacturing (WAAM) and Laser Metal Deposition (LMD) are more suitable, as they
have higher build-up rates, but achieve lower geometric resolution than powder bed processes [9,10].
In addition to the energy sources arc and laser, induction heating is another heating method that is fast,
reproducible, contactless, and efficient [11]. The unique advantages of this technology have already
been utilized in many different manufacturing processes [12–14]. However, there is still no established
AM process based on the principle of induction heating using wire as feedstock.

Nevertheless, various approaches concerning that matter have already been investigated. Vega [15]
and Fang [16] use low-melting materials that are melted inside a crucible. Using gas pressure, the
melt is extruded through a nozzle and deposited onto the substrate. Vega showed that the extruded
melt forms a jet with a diameter roughly corresponding to the diameter of the nozzle orifice. Shortly
after the jet emerges, it breaks up into regular droplets due to axial symmetric wave formation. The
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droplet diameters achieved were approximately twice the jet diameter. Fang, on the other hand, used
a small distance to the substrate similar to FFF. In this process, no droplets are formed, but the material
emerges from the nozzle and directly touches the substrate, thus forming a structure similar to a
cladding weld. This enables the production of single-walled components with multiple layers and a
good surface finish [17]. Another approach is taken by Jayant [18], who also works with low melting
temperature material, holding it in a crucible and applying it drop by drop through a nozzle by means
of a vibration motor operating at 130 Hz. Inside the structures created by this method, bonding defects
occur between the individual drops, but these can be reduced by increasing the crucible temperature,
allowing multilayer structures. In contrast to the previously mentioned processes using brazing alloys,
the work of Sharma [19] used AlSi5 type aluminum welding wire. The process is very similar to FFF
and utilizes a nozzle made of cast iron. By inductively heating this 55 mm long nozzle, the aluminum
wire passing through is slowly brought into a liquid state and deposited onto a substrate. Finding
a stable process window resulted in the generation of four-layer structures [20]. Englert [21] and
colleagues use an approach to inductively heat an aluminum wire without using a nozzle to conduct
thermal energy. In this process, the wire is directly heated, but not completely melted. But rather, it
is heated to a temperature within the melting interval by a single-winding inductor. The semi-solid
material is then deposited onto a non-preheated build plate without any additional application of
force. Similar to the FFF process, the material transition is continuous rather than drop-shaped. The
printing of multi-layered cubes was achieved by decreasing the generator power as the number of
layers increased. Hascoët [22] and colleagues use a single-winding inductor to melt stainless steel wire
316L on the one hand and simultaneously preheat the substrate and thus achieve adhesion on the
other. Due to the small coupling distance between the coil and the substrate, only single tracks are
possible and not a planar deposition. By choosing suitable parameters, a continuous material transfer
was achieved to generate a three-layer structure. Sun [23] used a laser to preheat a substrate of 316L to
deposit an Inconel 625 wire onto it using an induction coil. The laser, which was used only to heat
the substrate, was focused to a spot diameter of 6 mm and operated at a power of 800 W. Using this
procedure, multilayer walls could be built without obvious imperfections [24]. Table 1 provides an
overview of the process approaches mentioned.

Table 1. Process approaches for additive manufacturing by inductive wire melting.

Authors Year Material Melting
temperature

Wire
diameter

Frequency Power Wire feed rate

[◦C] [mm] [kHz] [kW] [m/min]

Vega et al. [15] 2014 Sn95Ag4Cu1 217 1.5 750. . . 1150 1.68...2.13 0.84...1.8

Fang et al. [16] 2016 Sn63Pb37 183 n.a. n.a. 0.7 n.a.

Hascoët et al. [22] 2018 316L 1450 n.a. n.a. 4.5 0.1...0.12

Jayant et al. [18] 2020 Sn99Cu1 227 n.a. 166 0.15 n.a.

Sun et al. [23] 2020 Inconel 625 1350 2.0 700...800 n.a. 0.72

Sharma et al. [19] 2021 AlSi5 632 1.6 100 1 0.12

Englert et al. [21] 2022 AlSi7Mg 625 1.2 1500 10...12 0.9...1.4

In a previous work, a different approach to additive manufacturing based on inductive heating
was presented [25]. In this process, a steel wire is passed through a two-winding inductor and melted
directly without a heat transfer contact element. Due to a periodic pulsation of the coil current, the
Lorentz forces directed towards the center axis of the wire also oscillate. In the phase of lower base
current, the wire is preheated to the liquid-melt state. When the current subsequently increases to a
higher pulse current, the forming droplet is overheated and detached from the end of the wire [26].
Using specific current pulsation, drops can be continuously detached from the free end of the wire in
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a similar way to pulsed gas metal arc welding (GMAW-P) [27]. Figure 1 shows the principle of the
process approach.

Continuously
fed wire

Force

Feed direction
Preheating Substrate

Material deposition

Custom induction coil

Alternating electromagnetic field

(a) (b)

P

Ppulse

Pbase

0 t

v⃗wire
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Figure 1. (a) Principle of the wire induction additive manufacturing process approach. (b) Pulsed
generator power curve for forced droplet detachment with base power phase (I) and pulse power
phase (II). [26]

The focus of the investigations of the present work is on the characterization of the droplet
formation as well as the energy input into the generated droplets. The aim is to show how the droplets
form at different generator powers, what their temperatures are, and what overall efficiency can be
assumed.

2. Materials and Methods

A conventional steel wire G3Si1 (1.5125) with a diameter of 1.6 mm was used as feedstock material.
It is a common type of welding wire for gas metal arc welding (GMAW) of mild and low-alloy steel.
The chemical composition is shown in Table 2.

Table 2. Tabular overview of chemical composition of G3Si1 (in wt %)*. [28]

C Si Mn P S Ni Cr Mo V Cu Al Ti+Zr

0.06...0.14 0.7...1.0 1.3...1.6 0.025 0.025 0.15 0.15 0.15 0.03 0.35 0.02 0.15
* Single values are maximum values.

Figure 2 shows the main components of the technique studied in this work and the experimental
equipment used for analysis. The wire was fed at a rate of 2.15 m/min by a TBi robot torch including
the wire feeder PP2R and passed through a two-winding induction coil. The coil is made of hollow
copper profile with a cross section of 4 × 2 mm2 and has an inner diameter of 5 mm. To achieve a
smooth and constant wire feed rate, the wire feeder was controlled with a Joy-IT RD6006 laboratory
power supply. The inductor was mounted on a Himmelwerk SINUS 102 high-frequency induction
generator with a working frequency of 1 to 2 MHz and a total high-frequency power output of 10 kW.
The resulting frequency of the generator with the matching capacitor configuration of 100 nF was
1.4 MHz. An oscillating voltage signal between 0 V (indicating 0 %) and 10 V (indicating 100 %)
generated by a Rigol DG822 function generator was used to regulate the power of the SINUS 102. For
this purpose, rectangular and sinusoidal waveforms were utilized for generator control in order to
accurately manipulate the electrical output and ensure the reproducibility of experimental results.
An active current probe was mounted on the induction coil for measurement of the current flowing
through the inductor without disturbing it. The probe was connected to a Rohde & Schwarz RTB2002
oscilloscope, which captured and recorded the current waveform during the tests. Synchronously
to this, the oscilloscope recorded the signal of the function generator in order to be able to derive
conclusions about the response behavior of the induction generator later. This type of measurement
can provide information about any signal distortion characteristics or sluggishness of the generator
and help identify problems or limitations. With the aid of an intermediate measuring interface and
a National Instruments USB-6001, the current and voltage characteristics of each of the three phases
were measured and recorded. Thus, the power consumption of the induction generator system could
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be determined on the measurement computer. The droplets generated fell into a drop calorimeter filled
with water. The calorimeter is equipped with two high-precision thermocouples of type Pt100 1/10 DIN
for measuring the water temperature. A magnetic stirrer is used to circulate the water in order to
ensure rapid and uniform heat exchange within the fluid. A tray is integrated inside the calorimeter to
capture the solidified droplets, which can be collected for further analysis after the experiments [28].
The total drop mass is derived after the tests by drying and then weighing with a precision scale. Using
the measured temperature increase of the water volume inside the calorimeter, the amount of heat
introduced and the average droplet temperature can then be determined, respectively. In addition to
the water, the droplets also heat the tray, the magnetic stirrer, and part of the calorimeter vessel, which
accounts for about 9 % of the total energy introduced [29]. Consequently, these specific heat quantities
must be included in the calculation of the heat input Qcal :

Qcal =
n

∑
1
(cn · mn · ∆T) (1)

where c is the specific heat capacity, m is the mass, and ∆T is the temperature rise of the system. The
thermophysical properties of the wire were calculated using the material simulation software JMatPro
based on the chemical composition [30]. The average specific heat capacity of the unalloyed steel
wire G3Si1 in the temperature range between 25 and 1550 ◦C is 0.685 J · (g · K)−1. Consequently, this
value is assumed for the generated droplets and their heat quantity can be approximately calculated as
follows:

Qd = cd · md · (Td − T0) (2)

where md is the mass of all droplets, Td is the droplet temperature, and T0 is the initial temperature of
the water inside the calorimeter system. The droplet temperature is finally calculated by equating the
heat quantities of (1) and (2) and then rearranging for Td:

Td =
∑n

1 (mn · cn · ∆T)
cd · md

+ T0 (3)

Subsequently, particle analysis was carried out using the open source software ImageJ to obtain
valuable information about the particles such as their number and size [31]. For this purpose, the dried
droplets were spread on a white background and captured using a DSLR camera Nikon D750 equipped
with a AF-S NIKKOR 24-120 mm. Frontal flash photography was utilized to avoid any shadowing
effects and associated distortion of the measurement data, and the resulting images were rectified using
Adobe Camera Raw software to eliminate any lens-related aberrations. Subsequently, the corrected
images were imported into ImageJ software and particle analysis function was employed. The data was
processed and visualized with MATLAB to generate a size distribution histogram, study the uniformity
of the drops and for further interpretation, and analysis [32]. The experiments were recorded with an
Allied Vision Alvium-508c process camera that is equipped with a Sony IMX250 CMOS. By recording
the process at a frame rate of 400 fps, it is possible to capture the subtle details of the droplet formation
and obtain insights into its dynamics. No shielding gas was used during the trials. However, it can
be assumed that the use of a shielding gas in later stages will alter the surface tension of the melt
and, consequently, its dynamic behavior, thus may differ from the findings presented here. The same
applies particularly to the microstructure and mechanical properties, which, however, are not part of
these investigations.
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Figure 2. Schematic diagram of the experimental setup and equipment used.

3. Results and Discussion

3.1. Generator Response Behavior

In comparing the excitation voltage of the function generator to the resulting coil current, it is
evident that the system of the induction generator and the resonant circuit system exhibits a sluggish
response at the chosen pulse frequencies of 7 and 14 Hz, preventing it from reproducing the input
signal even remotely. The damping present in the oscillating circuit of the induction generator, coupled
with its internal circuit topology, causes the current measured in the induction coil to lag behind the
input signal. This behavior is observed for both rectangular and sinusoidal excitation voltages, as
depicted in Figure 3 for a frequency of 7 Hz.

Figure 3. Generator response at 7 Hz pulse frequency with square-wave and sinusoidal excitation
voltage.

When comparing the two curves of coil current, it is evident that a sinusoidal excitation voltage
exhibits a smoother profile compared to a rectangular excitation voltage with steep edges. At the
falling edge of the rectangular signal, the generator also manages to achieve a rapid decrease in output
power. Conversely, during the rising edge, a very gradual increase in output power is observed. This
implies that the induction generator system is capable of reacting much faster to a decrease in power
than to an increase. Furthermore, the measurement results suggest that at control frequencies above
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10 Hz combined with larger amplitudes, the maximum specified power cannot be achieved by the
generator before the excitation voltage starts to decrease again. Additionally, it becomes apparent that,
on the one hand, a smaller difference between the high and low levels of the excitation signal, and on
the other hand, a high frequency of the excitation oscillation lead to an increasingly indistinguishable
base and pulse current. For both types of excitation voltage, the oscillation of the coil current is
asymmetric, so that the negative amplitude is significantly higher than the positive amplitude. The
response behaviour of the induction generator could not be analysed over the whole excitation voltage
range from 0 to 10 V. The reason for this is that the change of current (RMS-value) over time exceeds
the threshold of the current probe at an excitation voltage of 7 V (i.e. 70 % of the generator power) or
more at the given frequency.

3.2. Droplet Formation and Detachments

The use of a stopped-down lens during recording, combined with the short exposure time
resulting from the high frame rate, limits the visible field to the glowing wire and reflections, rendering
the surrounding environment black in the images. Despite the insights that can be derived from the
data captured by the camera, the partial occlusion of the wire tip by the induction coil restricts the
possibilities for detailed analysis. Thus, depending on the selected process parameters, the area of the
wire where droplet detachment occurs may be obscured. Figure 4 illustrates the camera view and the
resulting shot of the wire.

(a) (b) (c)

Figure 4. Camera view: (a) Induction coil without wire. (b) Actual shot during running process.
(c) View of the areas obstructed by the coil (montage).

The recorded data demonstrates that the high frame rate of the camera is sufficient to capture the
process in slow motion, including the wire feed movement, melting of the wire, droplet formation,
and detachment. When the technology is operated within an appropriate process window, the droplet
formation is highly regular and the resulting droplets are uniform in size and shape. Outside the
favorable process window, comparatively larger drops form in some cases and detach from the wire
end at irregular intervals. In addition, the movement of the melt at the end of the wire increases and
spatter formation becomes more intense.

Figure 5 exemplifies a sequence of images corresponding to a favorable set of parameters (60-
70 % generator power, 7 Hz pulse frequency), wherein a regular and uniform droplet detachment
is observed. The moments of droplet detachment exhibit temporal scattering of less than 10 ms.
Furthermore, the observed droplet sizes appear consistent, although their assessment is somewhat
limited due to the low dynamic range in the capture area and the reduced resolution resulting from
the close focusing distance of the installed lens and the necessary cropping. The location at which the
molten wire end is constricted and the droplets detach is approximately at the height of the lower coil
winding. At this generator power level, the droplet detachment frequency is 14 Hz.
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t = 00.0 ms t = 02.5 ms t = 05.0 ms t = 07.5 ms t = 10.0 ms t = 12.5 ms t = 15.0 ms t = 17.5 ms t = 20.0 ms t = 22.5 ms

t = 25.0 ms t = 27.5 ms t = 30.0 ms t = 32.5 ms t = 35.0 ms t = 37.5 ms t = 40.0 ms t = 42.5 ms t = 45.0 ms t = 47.5 ms

Figure 5. Image sequence of consistent and regular droplet detachment (60-70 % generator power, 7 Hz
pulse frequency).

The experiments with constant power, however, demonstrated that uniform droplet detachment
can occur even without power pulsation. The detachment frequency increases with increasing genera-
tor power Pgen up to a certain power level, denoted as Pcrit (approximately 65 % in these experiments).
For Pgen < Pcrit, lower droplet detachment frequencies are observed compared to Pgen = Pcrit. Beyond
this critical point, increasing the generator power Pgen > Pcrit no longer leads to an increase in detach-
ment frequency. However, the detachment process becomes more turbulent, and the molten flow
intensifies. Since the detachment frequency remains constant, the residence time of the droplets at
the wire end is the same as at the lower power level Pcrit. Consequently, they experience increased
heating, resulting in a comparatively higher temperature at the moment of detachment. This is clearly
recognizable by the brighter glow of the droplets. An exemplary droplet detachment for Pgen > Pcrit
is depicted in Figure 6. The droplet size and the detachment process itself are comparable to those
described earlier in Figure 5.

t = 00.0 ms t = 02.5 ms t = 05.0 ms t = 07.5 ms t = 10.0 ms t = 12.5 ms t = 15.0 ms t = 17.5 ms t = 20.0 ms t = 22.5 ms

Figure 6. Image sequence of hot droplet detachment with intense melt movement (const., 75 %
generator power).

Figure 7 displays the sequence of images from an experiment with pulsed generator power where
the average power Pav theoretically lies at Pav = Pcrit. However, due to the previously described
inertia of the generator, it practically falls below Pcrit. As a result, a substantially lower droplet
detachment frequency of approximately 2 Hz and an irregular melting behavior are observed. The
temporal scattering of the detachments at around 300 ms is significantly higher than in the previously
described case, indicating that droplet formation is comparatively more stochastic. Due to the lower
power level, the region where the wire constricts and the droplet detaches is located well below
the induction coil, likely triggered primarily by the gravitational force of the droplet. The energy
supplied to the continuously fed wire is not sufficient to fully melt and detach it within the induction
coil. Furthermore, the comparatively weaker luminosity of the droplets suggests that a lower droplet
temperature is present compared to those shown in Figures 5 and 6. Overall, the detachment process is
more random, with the free end of the wire pinching at two points, and the molten droplets exhibiting
more movement. It is conceivable that in this case, the power pulsation may have a rather adverse
effect on the regularity. Figure 8 shows a sequence of images depicting a slow droplet formation
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and detachment at Pgen < Pcrit. Although the material of the fed wire can be melted, the power is
insufficient for rapid detachment. As a consequence, large-volume droplets form and detach from the
wire end only at a late stage and below the induction coil. The droplet detachment frequency at this
generator power level is 4.7 Hz. Compared to the droplets in Figure 7, it can be assumed that there is a
higher temperature and thus a higher average power. There is only one point of constriction, and the
temporal spread of detachments is less than 30 ms, thus significantly lower.

t = 00.0 ms t = 02.5 ms t = 05.0 ms t = 07.5 ms t = 10.0 ms t = 12.5 ms t = 15.0 ms t = 17.5 ms t = 20.0 ms t = 22.5 ms

Figure 7. Image sequence of elongated droplet detachment with intense melt movement (40-90 %
generator power, 14 Hz pulse frequency).

t = 0 ms t = 15 ms t = 30 ms t = 45 ms t = 60 ms t = 75 ms t = 90 ms t = 105 ms t = 120 ms t = 135 ms

Figure 8. Image sequence of slow and voluminous droplet detachment (const., 55 % generator power).

The analysis of the camera recordings shows that the frequencies of droplet detachment, both
in constant power and pulsed operation, exceed the practically achievable pulse frequency of the
generator technology used. The power decreases rapidly on the falling edge, but the power increases
too slowly on the rising edge. To beneficially influence the process of droplet detachment through
pulsed induction coil current, the authors see the need for adjustments in the circuit topology of
the induction generator. With reliable power pulsation at frequencies of at least 15 Hz, a beneficial
influence on the process can be expected.

3.3. Size distribution of drops

Based on a visual analysis with the naked eye, it is evident that the detached droplets possess an
almost spherical shape. Consequently, it can be inferred that the described method allows for sufficient
determination and comparability of droplet sizes and their volumes. Figure 9 provides a comparison
between the captured photograph and the evaluation performed using ImageJ.

(a) (b) (c)

Figure 9. (a) Cropped image of the photographed drops. (b) Image adjusted with threshold value.
(c) Automated filtering, counting and size measurement using ImageJ.

In the first step, particles were colored red based on a threshold value derived from the grayscale
of all particles, thus separating them from the white background. In the second step, the actual particle
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analysis was performed using a filter, which excluded smaller particles such as spatter or chippings of
oxide layers, thereby preventing them from distorting the analysis results.

In Figure 10, the size distribution during operation with constant power is depicted. In compari-
son, Figures 11 and 12 illustrate the size distribution of droplets under pulsed power conditions at 7
and 14 Hz, respectively. The size analysis of the droplets shows that their projected area is generally
between 3.5 and 5.5 mm2. Based on the assumption of spherical geometry, this corresponds to droplet
diameters between 2.11 and 2.65 mm and indicates that the deviation of the actual absolute droplet
size is relatively small. When comparing the experiments conducted at constant power, it is evident
that at 65 % power as opposed to 75 %, a greater number of outliers are observed in the histogram,
resulting in a wider spread. These outliers predominantly consist of larger droplets exceeding the
average size. With higher power, the droplets tend to exhibit a slight reduction in size, which can be
attributed to a marginally higher detachment frequency due to the constant wire feed rate. However,
the data appears to display a relatively improved normal distribution at lower power settings.

Figure 10. Histograms of droplet sizes with power pulsing at 7 Hz (sine) compared to constant power
(repetitions of the experiments with identical parameters are represented in orange).
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Figure 11. Histograms of droplet sizes with power pulsing at 7 Hz (sine) compared to constant power
(repetitions of the experiments with identical parameters are represented in orange).

Figure 12. Histograms of droplet sizes with power pulsing at 14 Hz (sine) compared to constant power
(repetitions of the experiments with identical parameters are represented in orange).

By pulsing the power sinusoidally at a frequency of 7 Hz around 65 % (62-68 %), the droplet
distribution shifts towards larger droplets and exhibits an increased spread compared to constant
power. This can be attributed, on the one hand, to the mismatch between the pulsing frequency and
the actual droplet detachment frequency under constant power, as the pulsing process tends to hinder
rather than support the detachment process. On the other hand, as previously mentioned, pulsing
results in the average power being slightly below the theoretical value of 65 %. Furthermore, this effect
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is further amplified when the power amplitude increases (60-70 %), resulting in a rightward shift of the
distribution curve within the histogram. When the average power is increased in pulse operation (70-
80 %), the resulting droplets are detached at a faster rate, leading to smaller sizes. However, the pulsing
frequency still opposes the actual droplet detachment frequency. As a consequence, the distribution in
the histogram shifts to the left towards smaller droplets, while simultaneously exhibiting an increased
spread.

This behavior changes when operating at a pulsing frequency of 14 Hz, which is closer to the
actual droplet detachment frequency. Pulsing around the average power of 65 % (60-70 %) does not
exhibit a significantly negative impact on the droplet size distribution and spread. While the power
pulsing does not enhance droplet detachment, it no longer poses a notable disruption, as observed at
7 Hz. Increasing the average generator power to 75 % (60-90 %) further reduces droplet sizes, as they
detach more rapidly from the wire end. However, the resulting spread is smaller compared to 7 Hz, as
the pulsed power aligns closer to the actual detachment frequency. If the chosen power amplitude
is too large (50-90 %), the inertia of the induction generator becomes more pronounced, as it can no
longer produce a smooth output signal. Consequently, the droplet formation process is significantly
disrupted. As a result, the spread increases, and the distribution shifts overall to the right, indicating
larger droplet sizes.

3.4. Droplet Temperature and Efficiency

Figure 13 presents the power of the system recorded by the power meter in comparison to the
measured droplet power. Figure 14 depicts the average droplet temperatures and the calculated
efficiency of each experiment. The measurements from the experiments with constant generator
power demonstrate that the device’s power consumption exhibits a nearly linear relationship with
the set power. It becomes evident that when operating in pulse mode with oscillation around a mean
value, the power intake is lower compared to operating at a constant power level equivalent to that
mean value. This can be attributed to the generator’s characteristic of quickly dropping to a lower
power level but slowly rising back to a higher level, as discussed earlier. Consequently, the power
consumption in pulse mode remains slightly lower than in constant mode, regardless of the pulse
frequency. If the base power is increased while reducing the pulse power to the same extent, thereby
keeping the average power constant, the power consumption of the system still increases due to the
described behavior.
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Figure 13. Energy consumed by the system and energy introduced into the droplets.
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Figure 14. Average droplet temperatures and the efficiency of the experiments.

The material calculations using JMatPro revealed that the steel wire used has a solidus tem-
perature of approximately 1460 ◦C and a liquidus temperature of 1517 ◦C. The calculated droplet
temperatures indicate that they are mainly above these values, suggesting that the material collected
by the calorimeter was completely melted. However, in the experiment with 55 % constant power,
the temperature of 1293 ◦C is below the solidus temperature, yet the generated droplets still exhibit a
spherical geometry. This suggests that there is an offset in the measurements, and the actual droplet
temperatures are higher than calculated. A significant reason for this behavior is the measurement
inaccuracy of the used Seebeck calorimeter, as demonstrated by [29], which is approximately 9 %.
This is particularly attributable to the long measurement time compared to the relatively short time
of energy input. Nevertheless, the determined values can be compared to each other. The droplet
temperatures correlate with the power consumption in such a way that the droplet temperature
is higher when the generator’s power consumption increases. Overheating of the droplets during
detachment through increased pulse currents for improved detachment is only partially possible, and
the effect is relatively weak. With a faster response of the generator to increasing power input, such
behavior could potentially be enforced.

In terms of efficiency, the process seems to fall short of expectations. While the overall efficiency
of induction heating is generally considered relatively high compared to other heating processes, even
an induction coil, as used here, which heats in the inner field, has a better inductor efficiency than,
for example, a surface inductor that acts through its outer field [11,33,34]. However, the calculated
overall efficiency, considering the power consumption to thermal power in the droplets across all
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experiments, is only between 9 and 14 %. As previously explicated, given that the ascertained droplet
temperature is expected to be lower than the actual value, it follows that the derived efficiency is
somewhat diminished compared to the real magnitude. Therefore, future investigations will include
an additional power measurement directly at the induction coil to better contextualize these results.

4. Conclusions

In conclusion, this study focused on the characterization of droplet formation and energy input in
an additive manufacturing process approach based on inductive heating using a steel wire feedstock.
The results of the experiments and analyses provide valuable insights into the process dynamics and
droplet properties. The induction generator exhibited a sluggish response to the excitation voltage,
resulting in a lag between the input signal and the coil current. The response behavior was influenced
by the shape and frequency of the excitation voltage. At frequencies above 10 Hz and larger amplitudes,
the maximum power could not be achieved before the excitation voltage started to decrease again. The
reason for this behavior is the resonant circuit consisting of the inverter circuit, capacitor configuration,
and induction coil, whose systematically induced inertia does not allow for faster current rise and fall
times. The asymmetry of the coil current oscillation was also observed, with the negative amplitude
being significantly higher than the positive amplitude. The high-speed camera recordings captured
the process details, including wire feed movement, wire melting, droplet formation, and detachment.
Within the appropriate process window, regular droplet formation and uniform droplet size and shape
were observed. However, outside this window, larger droplets formed at irregular intervals, and
increased movement of the melt and spatter formation occurred. The latter is particularly evident at
higher power levels, which can be explained by the overheating of the molten wire end. At too low
power, the droplets grow disproportionately and detach from the wire very late and irregularly. The
droplets exhibited an almost spherical shape, allowing for accurate determination and comparison of
droplet sizes. The size analysis showed that the droplets had projected areas between 3.5 and 5.5 mm2,
corresponding to droplet diameters between 2.11 and 2.65 mm. Overall, this study provides insights
into the droplet formation process and the energy input into the droplets. The findings contribute to
the advancement of AM technologies and suggest the need for generator technology capable of reliable
pulse frequencies of at least 15 Hz to enhance process control and efficiency. Further research in this
direction could lead to the development of more effective and cost-efficient manufacturing methods
for large-volume components.
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