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A R T I C L E  I N F O
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A B S T R A C T

A magnetic susceptor in a printable filament form is developed for the induction welding of thermoplastic 
composites. The susceptor is based on Ni particles embedded in a poly-ether-imide matrix. It is extruded and 
spooled to form a filament which can then be 3D-printed. The susceptor produces heat by hysteresis losses due to 
the magnetic properties of the Ni particles. As opposed to other typical electrically conductive heating elements, 
no percolation threshold needs to be achieved to produce heat as the Ni particles individually heat up when 
exposed to the induction coil’s magnetic field. The heating efficiency of the susceptor filament and its deposition 
by the fused filament fabrication technique are demonstrated. The susceptor is used to assemble all thermoplastic 
composite sandwich panels. The sandwich samples are tested by the flatwise tensile test and a tensile strength of 
4.6 MPa is obtained, which is equivalent to or higher than reported strengths for typical aerospace-grade 
sandwich panels. The printable susceptor opens the way to new induction welding or heating applications as 
it can be printed on a surface to produce a desired heating pattern.

1. Introduction

1.1. Induction welding

Induction welding of thermoplastic composites relies on the appli
cation of an alternating (AC) magnetic field using an induction coil to 
dissipate heat at the interface of the two adherends to be joined. The 
generation of heat is performed either through induced eddy currents in 
electrically-conductive materials (such as metallic meshes, carbon fibre 
reinforced polymers or conductive films) ([1–4]), or through magnetic 
hysteresis losses in ferromagnetic materials ([5–7]). In the latter, mag
netic particles are dispersed inside a film of thermoplastic polymer, 
usually the same as the adherend’s matrix. This heating element is called 
a magnetic susceptor, and it presents the interesting advantage of con
taining a discontinuous filler that does not need to reach the percolation 
threshold to generate heat, unlike those relying on electrical conduc
tivity ([6,8,9]). Each particle has the intrinsic ability to dissipate heat 
when subjected to a time-varying magnetic field and, if properly 
selected, the Curie temperature of the particle material can provide an 
inherent safety barrier against overheating.

1.2. 3D-printing magnetic susceptor filament

In recent years, filaments for Fused Filament Fabrication (FFF) made of 
ferromagnetic particles dispersed in a polymeric matrix have been devel
oped. Their applications range from microwave electronics [10] to hy
perthermia treatment [11]. As reported by Ehrmann et al., the magnetic 
particles that are used to produce these materials vary from Si-Fe alloys to 
hard magnets, depending on the desired coercivity and magnetic strength 
[12]. Regarding the thermoplastic matrix of the filament, various studies 
have been published using a wide range of polymers, from poly-ethylene 
(PE) [13] or poly-lactic acid (PLA) ([14,15]) to acrylonitrile butadiene 
styrene (ABS) [16] or poly-amide 12 (PA12) ([17,18]). Magnetic com
posites using high-performance thermoplastic polymer like 
poly-ether-ether-ketone (PEEK) as the matrix have also been reported [19].

In the case of induction welding, the use of a magnetic susceptor in 
the form of a 3D-printing filament offers the possibility to locate the heat 
generation and limit the quantity of added material. Galarreta et al. 
demonstrated the induction heating properties of a PLA-(poly
carbonate)-magnetite 3D-printed composite material [14]. However, 
the use of a 3D-printed material exhibiting induction heating properties 
as a magnetic susceptor for induction welding to join thermoplastic 
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adherends has never been demonstrated. This paper aims to prove the 
feasibility of using this innovative type of induction welding susceptor. 
As pointed out by Mazeeva et al., the addition of filler particles into a 
polymeric matrix increases its viscosity, and the brittleness of the 
resulting 3D-printing filament [20]. This shows the interest of mini
mizing the volume content of magnetic particles in the filament. There is 
therefore a trade-off to find between the induction heating capabilities 
and the particulate content.

1.3. Sandwich structures

One well-established solution to produce light and mechanically 
resistant structures is to use sandwich panels. These structures are 
composed of two thin outer layers, known as facesheets or skins, located 
on top and bottom of a low-density core material. The core (polymeric 
foam, or aramid, aluminium or thermoplastic honeycomb core) provides 
compression stiffness and strength, and the facesheets (typically carbon 
fibre or glass fibre reinforced polymers) contribute to the tensile and 
bending strength. High-performance composites are typically used for the 
facesheets as they offer an ideal combination of light weight and good 
mechanical properties. While adhesive bonding is currently the preferred 
method to join skins to core in sandwich panels, the use of thermoplastic 
polymers and composites for both parts of the structure allows for the 
implementation of thermoplastic welding techniques for the skin/core 
joining [21]. The major advantages compared to oven- or autoclave-cured 
adhesives are the limited to absent requirements for surface preparation 
and the shorter cycle time. The authors of this paper have previously 
demonstrated that induction welding can be used to join glass fibre rein
forced PEEK (GF/PEEK) skins to 3D-printed poly-ether-imide (PEI) hon
eycomb cores using a vacuum assisted induction welding technique [7]. 
This method was also successfully applied to carbon fibre-based skins, 
although in that case no susceptors were used as the heat generation relied 
on direct heating of the carbon fibres [4]. To assemble GF/PEEK sandwich 
panels by induction welding, PEI-based susceptor films containing nickel 
(Ni) particles were used, due their heating capabilities and weldability [7,
22].

Here, the objective is to demonstrate the feasibility of assembling 
GF/PEEK skins to 3D-printed PEI honeycomb core by using a 3D-printed 
PEI/Ni susceptor layer, directly deposited on top of the honeycomb cell 
walls during the manufacturing step of the core. This minimizes the 
added mass of material and localizes the heat dissipation at the region of 
contact between the honeycomb core and skin, instead of on top of the 
open cells where it is not needed. To do so, a PEI/Ni 3D-printing filament 
is first be developed and characterized, before being printed on the core 
and used to weld the facesheets. The welded sandwich panels are then 
characterized to assess the mechanical resistance of the skin/core weld.

2. Materials and methodology

2.1. Susceptor filament manufacturing

The susceptor is constructed from Ni particles (average diameter 5 

μm) from Sigma-Aldrich and PEI ULTEM 1010 (glass transition tem
perature = 215 ◦C) in powder form from SABIC. PEI powder and Ni 
particles are pre-mixed by hand to ensure good distribution, then the 
material is fed to an extruder. The Ni concentration is fixed at 10%vol.

A Leistritz ZSE18HP-400 twin-screw extruder is used to produce 
large quantities of PEI/Ni filament. The screws are equipped with 
different transport and mixing sections, as presented in detail in Fig. 1. A 
1.75 mm nozzle is mounted at the extremity of the extruder. Eight 
heating zones are available. 

• The first one (where the material is fed to the extruder) is set to 
260 ◦C to avoid melting the material too early and clogging the 
feeding port.

• The following five zones are set to 320 ◦C.
• The last two sections are set to 335 ◦C, to improve the filament 

surface quality and reduce instabilities at the extruder nozzle.

The diameter of the extruded filament is measured by a two-axis 
laser measurement system (from Zumbach). The target diameter is 
1.75 mm, with a lower limit of 1.6 mm in order for the filament to be 
correctly pushed by the printing head gears, and an upper limit of 1.9 
mm so that the filament can pass through the cylinder of the printing 
nozzle.

2.2. Susceptor filament characterization

After extrusion, the filament is characterized first by observing its 
cross-section using an Olympus GX-51 optical microscope. The porosity 
level is a critical parameter that must be controlled as it can lead to 
brittleness and inhomogeneous heating.

To analyze the magnetic properties of the filament, vibrating sample 
magnetometry (EV9 VSM from MircoSense) measurements are also 
performed on the extruded filament at 25 ◦C, 100 ◦C and 200 ◦C. Pure Ni 
particles are also analyzed with the same method at 25 ◦C to be 
compared with the filament.

The produced filament is then printed using an AON3D M2 printer 
equipped with a 0.4 mm nozzle. The nozzle temperature is fixed at 
410 ◦C, the printing bed is fixed at 160 ◦C and the printing chamber at 
135 ◦C. First, 1 mm-thick round samples (2 cm diameter) of printed 
susceptor are observed by optical microscopy to analyze the porosity 
level and the particle distribution after printing. For the sake of com
parison, a similar 1 mm-thick 3D-printed film of CF/PEI is prepared 
using commercial filament from 3DxTech. Then, eight 0.6 mm-thick 
rectangles of PEI/Ni of 2 cm × 4 cm are printed and heated up by in
duction to measure their heating properties. Four samples of the same 
material produced by hot press compression moulding, as described in 
Ref. [7], are also characterized for comparison. The samples are placed 
on top of the induction heating coil and their temperature evolution is 
recorded using a FLIR A700 thermal camera. The measurement is per
formed on the side of the sample that is not facing the coil. Due to the 
small thickness of the samples, it is assumed that the temperature is 
uniform through the thickness. The detailed experimental procedure is 

Fig. 1. Leistritz extruder screws profile, extruding material from right to left. Mixing sections are highlighted in blue and transport sections in black. The initial 
transport section located below the main feeding point is highlighted in yellow.
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presented in Ref. [22]. The emissivity of the sample is fixed at 0.95. All 
the samples prepared for VSM, optical microscopy and induction heat
ing are summarized in Table 1.

2.3. Susceptor deposition on honeycomb cores

PEI (ThermaX ULTEM 1010 filament from 3DxTech) honeycomb 
cores incorporating a layer of susceptor are produced using an AON3D 
M2 printer. The printed honeycomb cores are similar to those used in 
Ref. [7], with 4 mm wide hexagonal cells with 0.8 mm thick walls and a 
height of 10 mm. The bottom 1 mm-thick skin is also printed in PEI 
directly below the honeycomb cells, bringing the total thickness of the 
printed part to 11 mm. In this study, welding is therefore performed on 
one side only of the sandwich panel. The nozzle temperature is set to 
390 ◦C, the bed temperature to 160 ◦C and the printing chamber tem
perature to 125 ◦C for the printing of PEI.

Then, layers of susceptor are directly printed on top of the PEI 
honeycomb core, using the secondary printing head of the AON3D M2 
printer. In the slicer software Simplify3D, the printing procedure is set 
up to switch printing heads when reaching the final layers. It is impor
tant to properly calibrate both printing heads and their relative position. 
If this step is not conducted accurately, the secondary material deposi
tion will be shifted compared to the previous layer, preventing good 
adhesion between layers.

The susceptor layer thickness is fixed at 1 mm, which is equivalent to 
five printed layers of 0.2 mm. This thickness is large compared to ad
hesives or other typical welding elements, this is to compensate for the 
fact that the printed susceptor does not cover the entirety of the surface, 
compared to a susceptor film, reducing its volume. Further, the sus
ceptor will flow under pressure during the process, leading to a lower 
final thickness. The printing temperature of PEI is set to 390 ◦C, and 
susceptor printing to 410 ◦C. The difference in temperature is caused by 
the difference of viscosity of the two materials. Two susceptor deposi
tion configurations are evaluated: a constant susceptor width, made of 
five 0.8 mm-wide layers on top of the cell walls (Fig. 2a), and an 
increasing susceptor width, varying from 0.8 to 2.4 mm in 0.4 mm in
crements. This corresponds to a width of two, three, four, five and six 
filaments in width per layer (Fig. 2b). The goal of increasing the width is 
to increase the amount of susceptor material at the interface, and 
therefore the heating rate. It also increases the contact surface area 

between the susceptor and the skin. For both configurations, a priming 
pillar is printed next to the honeycomb core. This part is composed of 
PEI layer and one single susceptor layer, which is printed before the 
actual honeycomb susceptor layer. As this is the first part printed after 
switching nozzles, it provides some time and space for the print to 
correctly initiate and ensures that the susceptor is properly printed when 
the nozzle moves to the honeycomb core.

2.4. Sandwich panels assembly by induction welding

The printed honeycomb incorporating the susceptor layer can be 
directly welded to its skin, without any additional material. GF/PEEK 
laminates are used as skins, with a co-consolidated PEI layer at the 
welding surface, following the Thermabond process [7]. This allows to 
weld the skins at the welding temperature of PEI (around 280–300 ◦C), 
without risking to deconsolidate the PEEK-based parent laminate ([23,
24]).

Then, sandwich samples are assembled using the vacuum assisted 
induction welding (Vac-IW) method [7]. The honeycomb core incor
porating the printed susceptor layer and the GF/PEEK skin are placed 
inside a vacuum bag, which applies a constant and homogeneous pres
sure on the sample during the entire duration of the process. Then, the 
induction coil moves linearly relative to the sample, heating up the 
printed susceptor at the welding interface. In the present study, a 
water-cooled copper hairpin coil (two straight square-section tubes of 
10 mm × 10 mm of outer dimensions, with a length of 200 mm) 
equipped with a Ferrotron 559H (Fluxtrol) magnetic field concentrator 
(MFC) is used, as in previous work from the authors ([4,7]). The 
coupling distance between the coil and the top of the skin facing it is 
fixed at 2 mm for all the samples. The amplitude of the alternating 
current in the induction coil is fixed at 600 A and its frequency at 388 
kHz.

Three welding speeds (relative displacement speed between the in
duction coil and the sample) are evaluated: 0.1, 0.15 and 0.2 mm/s. 
Welded sandwich samples are first characterized by observing the weld 
line profile by optical microscopy, then the skin/core strength is eval
uated using flatwise tensile (FWT) test, following the ASTM standard 
C297. Steel blocks are bonded on each side of the welded sandwich 
samples with an EA9696 adhesive from Loctite®. This allows the sam
ples to be mounted in the testing jig, as presented in Refs. [4,7]. Samples 
are then tested on an MTS Alliance RF/200 machine, equipped with a 
200 kN load cell. The test speed is fixed at 0.5 mm/min, as per the ASTM 
standard. One sample is welded at each speed for each susceptor 
configuration to be tested in FWT, plus one extra sample of each 
configuration welded at 0.15 mm/s for optical microscopy observations, 
for a total of eight welded sandwich samples.

3. Results

3.1. Susceptor filament characterization

The susceptor filaments produced with the Leistritz extruder exhibit 
a smooth surface finish. The porosity level and Ni distribution are 

Table 1 
Summary of the samples prepared for experimental characterization by VSM, 
optical microscopy and induction heating.

Experiment Material Quantity Dimension/Mass

VSM PEI/Ni-10%vol 3 Granules, 15 [mg]
Ni 1 Powder, 41 [mg]

Optical 
microscopy

Printed PEI/Ni- 
10%vol

2 Discs, 20 [mm] of diameter, 
1 [mm] of thickness

Printed CF/PEI 2
Induction 

heating
Printed PEI/Ni- 
10%vol

8 Rectangles, 40 [mm] by 20 [mm], 
0.6 [mm] of thickness

Pressed PEI/ 
Ni-10%vol

4

Fig. 2. Honeycomb core (in blue) including susceptor layer (in green) printing configurations: (a) constant susceptor width and (b) variable susceptor width. For 
both (a) and (b), an enclosed picture shows the detailed geometry of the susceptor layer. A priming pillar is produced prior to honeycomb printing.
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analyzed by observing the cross-section of the filament by optical mi
croscopy. Four representative filament pictures are presented in Fig. 3. 
The porosity level inside the filament varies significantly between 
samples, with a smaller quantity of visible porosities in Fig. 3d to a large 
amount in Fig. 3b. It also seems that porosities are larger towards the 
center of the filament. However, Ni particles appear to be well distrib
uted in the PEI matrix, with no visible agglomerates.

The diameter of the filament is another important parameter that 
must be controlled during extrusion. As reported in Fig. 3, it varies 
around the target value of 1.75 mm. This is mostly caused by the absence 
of a mechanical pulling/winding system able to constantly pull the 
filament at the exit of the extruder. The filament should be pulled by a 
spooling system, however the extrusion was too slow for the available 
spooling device; thus, an operator was required to pull the filament by 
hand, while ensuring to stay in the desired diameter range by controlling 
the value on the diameter measurement device. To comply with the 
required 1.6–1.9 mm diameter range, sections of filaments that are out 
of this range were cut out. Remaining sections varied from 30 cm to 
more than 1 m, which is sufficient to print the different samples 
analyzed hereafter.

The filament’s magnetic properties, measured using VSM, are pre
sented in Fig. 4. First, the magnetic hysteresis of Ni particles and PEI/Ni- 
10%vol susceptor measured at 25 ◦C are compared. The maximum 
applied amplitudes are 16, 32 and 48 kA/m, yielding absorbed energy 

densities of 834, 2244 and 3504 J/m3, respectively, for the Ni particles, 
and 445, 915 and 1351 J/m3, respectively, for the PEI/Ni-10 % material. 
The selected applied amplitudes are in the range of the field amplitude 
of the AC magnetic field that is applied during the induction welding 
process [25]. In both Fig. 4a and b, the minor loops at the different 
amplitudes are clearly visible. As expected, the amount of hysteresis 
increases with increasing applied field amplitude. The saturation 
magnetization is not reached, even at 48 kA/m. The magnetization of 
the susceptor sample (Fig. 4b) is lower, because it is only composed of 
10%vol of Ni particles, the rest of the sample – the PEI matrix – is not 
magnetic.

To better compare both materials, the hysteresis curves at 32 kA/m 
are presented in Fig. 5. The measured magnetic moment is normalized 
by the total mass of the sample in Fig. 5a (similar curves as in Fig. 4a and 
b), and by the mass of the Ni in Fig. 5b, assuming a volume fraction of 10 
%. The curves overlap in Fig. 5b, which is a good indicator that the 
actual Ni concentration is 10%vol as expected. The shape of the hys
teresis loop differs a little in the center, with a slightly lower coercivity 
for the susceptor, which can be caused by the difference of magnetic 
interactions between the particles. The enclosed surface areas of both 
hysteresis curves presented in Fig. 5b are calculated. Absorbed energy 
densities of 2244 J/m3 and 2091 J/m3 are obtained for the Ni particles 
and the PEI/Ni-10%vol susceptor, respectively, considering the volume 
of Ni particles.

Fig. 3. Optical microscopy images of PEI/Ni-10%vol filament cross-sections. The white dots correspond to the Ni particles, and the black regions to voids. The mean 
diameter of each filament is reported on the corresponding figure.

Fig. 4. Mass magnetization versus applied field for (a) Ni particles and (b) PEI/Ni-10%vol susceptor at 25 ◦C. Enclosed in (b) is a close-up view of the center of the 
magnetic hysteresis curves, as highlighted by the dashed black rectangle. The mass magnetization is obtained by dividing the measured magnetic moment by (a) the 
mass of Ni-particles, or (b) the mass of the sample.
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The evolution of the absorbed energy density of both Ni particles and 
susceptor is also measured as a function of temperature, to observe the 
expected decrease of magnetic properties. Measurements are conducted 
at 25 ◦C, 100 ◦C and 200 ◦C on the PEI/Ni-10%vol susceptor and at 25 ◦C 
on the Ni particles. The results are presented as a function of the 
maximum applied magnetic field in the hysteresis loop (Fig. 6a). The 
measurements follow the typical Steimetz equation [26].

The slope is somewhat different between the Ni particles and the 
PEI/Ni susceptor. This might be caused by the difference of magnetic 
interactions between Ni particles, as their packing fraction is different in 
the two samples. In the susceptor, the distance between particles is 
larger because of the PEI matrix. Ni particles alone are packed more 
densely, which can affect their magnetic response to the applied mag
netic field during VSM measurements. In Fig. 6b, the same results are 
presented as a function of temperature, illustrating the decrease of the 
absorbed energy density with the increase of temperature. An extra data 
point at 358 ◦C is added corresponding to the Curie temperature of Ni at 
which the material has theoretically lost all magnetic ordering and show 
no magnetic hysteresis. The decrease is almost linear, which corre
sponds to what has been reported in the literature for Ni [27]. Finally, a 
comparison of the magnetic hysteresis of the PEI/Ni-10%vol susceptor 
tested at 25 ◦C, 100 ◦C and 200 ◦C under an applied field amplitude of 
32 kA/m is presented in Fig. 6c. The decrease of the enclosed surface 
area, which corresponds to the absorbed energy density, is visible in this 
figure.

3.2. Printed susceptor characterization

Fig. 7 shows cross-section and in-plane views of a printed film of 
susceptor. The porosities that were observed in the filament are still 
present in the printed part. Overall, the dimensions of the printed part 
are comparable to the expected values, with a thickness close to 1 mm in 
Fig. 7a. There is good continuity between printed filaments, as their 
interface is not visible, in both cross-section and in-plane views, indi
cating a high degree of contact and welding between deposited layers. 
As observed in the filament before printing, the Ni distribution in the 
printed susceptor is homogeneous, with no signs of agglomeration, 
pointing to potential even heating during induction welding.

A cross section of the printed PEI/Ni-10%vol susceptor film is 
compared to a similar printed sample of commercial CF/PEI in Fig. 8. 
The apparent surface fraction of porosities is quantified by performing 
image analysis with the ImageJ software. Binary images extracted from 
Fig. 8a and b and used for the analysis are presented in Fig. 8c and d. For 
the PEI/Ni film, a surface concentration of 15.9 % of porosities is 
measured. It must be noted that the porosities with sizes close to the Ni 
particles diameter (approx. 5 μm) could be holes left by particles being 
pulled out during polishing and not actual porosities. As it is impossible 
to distinguish which fraction of the measured porosities are caused by 
this mechanism, it is not considered in the calculation. For the CF/PEI 
sample, a porosity level of 8.0 % is obtained. This is lower than in the 
printed susceptor, but large porosities appear in the same size range in 

Fig. 5. Mass magnetization versus field for Ni particles and PEI/Ni-10%vol susceptor at 25 ◦C, with magnetization reported (a) per unit of mass of the sample and (b) 
per unit of mass of Ni, assuming 10%vol of particles in the susceptor.

Fig. 6. Absorbed energy density of PEI/Ni-10%vol susceptor samples and Ni particles at different field amplitudes and temperatures, presented as a function of (a) 
the applied field amplitude, and (b) the temperature. Hysteresis curves of the PEI/Ni-10%vol susceptor samples tested at various temperatures under a field 
amplitude of 32 kA/m are presented in (c).
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both materials. This is a good indicator that the quality of the susceptor 
filament is promising, although improvements can still be made to 
reduce the porosity level below 10 % and reach similar level as in 
commercially available composites filaments. In Fig. 8a and b, the 
concentration of filler is larger in the susceptor than in the commercial 
CF/PEI. This can also affect the porosity level and be responsible for the 
higher measured value. Reducing the Ni content, if the heating capa
bility remains satisfying, could also help reducing the porosity level.

Finally, the induction heating capabilities of the printed susceptor 
are characterized. A total of eight printed samples are used. To put the 
heating properties of printed samples in perspective, four pressed sam
ples of similar dimensions are produced, by forming the PEI/Ni-10%v 
material into films by compression moulding in a hot press at 320 ◦C ([7,
22]). These pressed samples are tested alongside the printed samples to 
ensure a proper comparison can be conducted (same coupling distance, 
room temperature, etc.)

Before characterizing their heating capabilities, the samples are first 
weighted, and their thickness is measured to evaluate their density (by 
simply dividing the weight by the sample volume). The average den
sities of the pressed and printed samples are 2.128 g/cm3 (based on four 
samples, standard deviation of ±0.045 g/cm3) and 1.443 g/cm3 (based 
on eight samples, ±0.066 g/cm3), respectively. The density of the 
printed samples is clearly lower than that of the pressed samples, likely 
due to the presence of the porosities previously described.

Following this preliminary characterization step, samples are heated 
up for 60 s, then the induction heating system is turned off; and the 
temperature is recorded for another 60 s. The temperature at the center 
point of the sample is extracted from the thermal camera data (Fig. 9). 
Due to the relatively small dimensions of the samples compared to the 
coil, the magnetic field, and consequently the heat generation, are 
assumed to be uniform in the sample, allowing the authors to report a 
single measurement at its center. The initial heating rate (slope of the 

Fig. 7. Optical microscopy images of printed susceptor films (a) in cross-section view and (b) in in-plane view. The white dots correspond to the Ni particles. 
Enclosed schematics show the observed plane in the sample.

Fig. 8. Comparison of cross-section views of 3D-printed (a) PEI/Ni-10%vol susceptor and (b) commercial CF/PEI composite. Binary pictures used for image analysis 
representing the porosities in (c) PEI/Ni-10%vol printed susceptor and (d) commercial CF/PEI printed composite.
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curve at times close to 0) is very close for both pressed and printed 
susceptors. This indicates that they have a similar heating potential 
[22]. However, divergence is observed later during the heating. The 
printed susceptor samples reach lower temperature than the pressed 
ones, attributed to the lower density of the samples, caused by poros
ities. As fewer Ni particles are present in the same volume, less heat is 
generated. The printed samples also present a larger variability than the 
pressed samples. This needs to be addressed as it could lead to local 
differences in heating and in welding.

Fig. 10 presents the maximum temperature reached during induction 
heating tests as a function of the sample’s density and the sample’s 
weight, respectively. In Fig. 10a, the printed samples have a lower 
density, as discussed, causing the lower average temperature observed 
in Fig. 9. However, Fig. 10b shows that the variability of the measure
ments for both printed and pressed samples can be correlated to the mass 
of the sample, which varies according to the thickness of the samples. In 
the case of printed susceptor samples, this can be attributed to the 
variation of the filament’s diameter. The slicing software, which pre
pares the instructions for the 3D-printer, assumes a constant diameter of 
1.75 mm. However, if in reality the filament presents a different diam
eter, the printer cannot adjust and will extrude too much or too little 
material. Compared to a 1.75 mm filament, printing with a 1.6 mm 
filament represents a reduction of 16 % of the deposited material, or an 
increase of 18 % with a 1.9 mm filament. The tested printed samples 
exhibit thickness variability of the same range, indicating that the fila
ment diameter variability is most probably responsible for the variations 
of thickness, which in turn impacts the heating variability.

3.3. Susceptor deposition on honeycomb cores

To verify the printability of the susceptor filament for a complex 
geometry, a susceptor layer is printed directly on top of a honeycomb 

core. One sample for each susceptor printing configuration is presented 
in Fig. 11; the pattern of the susceptor layer is correctly reproduced, and 
the deposition is clean and uniform across the surface of the sample. 
Close-up views of the printed susceptor layer indicate that there is no 
space between printed filaments inside the top layer.

Optical microscopy observation of the cross-section (Fig. 7) shows 
that porosities are still visible, especially towards the edges of the var
iable width layers (Fig. 12b), where no counter-pressure is present 
during printing, allowing the porosities to remain in their initial round 
shape. The overall shape of the deposited susceptor layer corresponds 
well to the expected printing geometry, as highlighted by the overlayed 
white dashed lines in Fig. 12c and d. This is an indication of the good 
printability of the susceptor and of the correct selection of the printing 
parameters. The visible excess of printed material (compared to the 
white dashed lines) indicates that the over-extrusion parameter, 
currently set at 1.1, could be slightly reduced.

Careful observation at the inter-filament interface reveals that no 
interface is visible. It also seems that the porosities are larger and more 
concentrated in the center of each filament, as previously noted in Fig. 3. 
This is beneficial for the inter-filament welding, as porosities in that area 
would prevent to reach complete degree of intimate contact. It can also 
be observed that the interface between pure PEI and PEI/Ni susceptor, 
presented in Fig. 12e is also very clean, without remaining separation 
line. This indicates that the printing parameters, especially the printing 
temperatures, are set correctly, allowing a good contact and a good 
welding between these two layers.

3.4. Induction welding of honeycomb cores with printed susceptor

Printed cores including a susceptor layer with the two presented 
geometries are welded to GF/PEEK skins. Welding speeds of 0.1, 0.15 
and 0.2 mm/s are used. These welding speeds are lower than the speeds 
previously reported when using a susceptor film (0.5–0.9 mm/s [7]) as 
less susceptor material is present at the welding interface with a printed 
susceptor compared to a film susceptor. Also, as previously observed 
with the induction heating results, the printed susceptor has a slightly 
lower heating rate than the susceptor film.

The observations made on the 6 welded samples are summarized in 
Table 2. For the variable width susceptor layer, a good weld was ob
tained at a speed of 0.15 and 0.2 mm/s. At 0.1 mm/s, some core crushing 
is visible towards the back edge of the sample, indicating the presence of 
overheating in that zone. The location of the overheating zone towards 
the back edge can be explained: as the welding speed is very low, heat 
dissipated close to the front edge, at the beginning of the welding pro
cess, is conducted to the rest of the structure. Therefore, when the coil 
reaches the areas farther in the direction of the back edge, the sample is 
already hot, which changes the initial temperature and allows the sus
ceptor to reach higher temperatures after application of induction 
heating, therefore inducing core crushing.

On the other hand, the constant width susceptor layer presents good 
welding at 0.1 and 0.15 mm/s. When welded at 0.2 mm/s, the sample 

Fig. 9. Induction heating curves of pressed and printed susceptor samples. 
Enclosed is a scheme of the induction heating setup, with the red point indi
cating where the temperature evolution is recorded by the thermal camera.

Fig. 10. Maximum temperature reached by pressed and printed susceptor samples during induction heating tests (a) as a function of the sample’s density, and (b) as 
a function of the sample’s weight.
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detached by itself when opening the vacuum bag after the process. In 
Table 2, the variable width susceptor layer presents a higher heating 
efficiency, allowing it to be welded faster. This is mostly caused by the 
larger volume of susceptor present at the weld line.

Welded samples are characterized by optical microscopy observa
tions of the welded profile and FWT mechanical tests. Optical micro
scopy images of samples welded at 0.15 mm/s with both susceptor layer 
configurations are presented in Fig. 13. Deformation of the deposited 
susceptor layer and of the top of the cell walls is clearly visible. As ex
pected from the observations in Table 2, more deformation occurred in 
the variable width susceptor layer (Fig. 13b), indicating that more heat 

was dissipated there. A consequence of that are the larger porosities 
visible in that sample. The porosities are fairly limited in the constant 
width susceptor, which also seems to be leaning towards one side of the 
cell walls. This is probably caused by a slight misalignment between the 
printed honeycomb and the printed susceptor. This is a good represen
tation of the importance of properly calibrating the two printing heads.

Skin/core strength is evaluated by performing FWT tests on the 
welded sandwich panels (Fig. 14). The sample with a constant width of 
susceptor welded at 0.2 mm/s is not tested as it did not weld, but it is 
reported in the results as a zero strength to highlight that this speed is 
too slow. Samples welded at 0.15 and 0.1 mm/s exhibit a similar 

Fig. 11. Pictures of the susceptor layer printed on top of the honeycomb wall (a) with constant susceptor width and (b) with variable susceptor width. Close-up view 
of (a) and (b) in (c) and (d), respectively.

Fig. 12. Optical microscopy images of printed susceptor layer with (a) constant susceptor width and (b) variable susceptor width. Pictures in (c) and (d) overlay the 
expected print geometry in dashed white lines on the pictures (a) and (b). (e) is a close-up view of the interface between the PEI honeycomb and the PEI/Ni sus
ceptor layer.
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strength (around 1.8 MPa). The failure mode in these two samples is 
cohesive in the susceptor layer (Fig. 15a and b), indicating that welding 
was achieved but the susceptor layer broke. This might be caused by the 
porosities inside that layer, and thus might be the maximum available 
strength with that material. Samples welded with a variable susceptor 
width exhibit higher strength. The sample welded at 0.2 mm/s reached 
1.6 MPa, a strength similar to the samples welded at 0.1 and 0.15 mm/s 
with the constant susceptor width, despite the higher welding speed. 
This highlights the larger heating caused by the larger volume of sus
ceptor present at the skin/core interface when using the variable sus
ceptor width. That sample also exhibits a similar cohesive failure 
(Fig. 15e). Then, the sample welded at 0.15 mm/s broke at approxi
mately 11.4 kN, which corresponds to a skin/core strength of 4.6 MPa. 
As visible in Fig. 15d, the failure mode is mostly core failure, indicating 
that the weld is stronger than the printed core, despite the presence of 
porosities. Finally, the sample welded at 0.1 mm/s could not be evalu
ated as failure occurred in the adhesive layer between the sample and 
the steel block.

These preliminary results provide valuable information. First, the 
printed susceptor layer requires a slower welding speed to reach suffi
cient welding, between 0.1 and 0.2 mm/s compared to 0.5–1.0 mm/s for 
susceptor films [7]. However, it is possible to obtain high strength and 
reach core failure with a printed susceptor. This is a major milestone to 
prove the feasibility of using printed induction welding susceptors to 
weld high-performance thermoplastics. The geometry of the susceptor 
layer has a large impact on the skin/core strength. The variable width 
provides a larger contact surface area between the skin and the core, 
which explains the increase in strength observed for the sample welded 
at 0.15 mm/s. Additionally, as more material is deposited in the variable 
susceptor width layer than in the constant width one, more heat is 
generated. As observed with the sample welded at 0.1 mm/s, too much 
heat was generated, which indicated that this geometry could be opti
mized (reduced overall layer thickness, Ni particles concentration, etc.). 
This could also further reduce the added mass of material, which 

represents currently 45 % of the mass of a susceptor film of equivalent 
thickness. The combination of larger contact surface area and larger heat 
generation explains the higher strength reached with the variable sus
ceptor width. The welded skin/core strength is larger than the tensile 
strength of the core, where failure ultimately occurred.

When looking at the samples welded with a constant printed sus
ceptor width, lower speed was required to reach welding. Once again, 
this is due to the minimal quantity of material that was added, leading to 
a lower amount of generated heat. However, this also means a smaller 
weight penalty due to the heating element (the printed susceptor with 
constant width represents only 26 % of the mass of a film of equivalent 
thickness), which can be favorable. It was still possible to reach almost 2 
MPa of skin/core strength, which is a good result for a preliminary, 
proof-of-concept test. The cohesive failure observed for these samples 
indicated that the susceptor layer was partially welded, but it was me
chanically weaker than the core. An improvement on the susceptor 
filament production leading to a reduction of the porosity level could be 
beneficial to increase the strength of the susceptor layer. Lower porosity 
levels would also increase the heating rate. Interestingly, the fact that 
the strength did not increase when reducing the welding speed from 
0.15 to 0.1 mm/s gives several indications: first, it is not possible to 

Table 2 
– Summary of the welding of honeycomb cores incorporating a printed susceptor 
layer.

Welding speed [mm/s]

0.1 0.15 0.2

Constant susceptor width Good weld Good weld No weld
Variable susceptor width Core crushing Good weld Good weld

Fig. 13. Cross-section views of printed susceptor layers with (a) constant susceptor width and (b) variable susceptor width. The white scalebar represents 1 mm in 
each picture.

Fig. 14. Skin/core strength versus welding speed, obtained by FWT tests on 
sandwich samples welded with printed susceptor layer. The solid black dia
mond represents the sample that failed in the core.
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increase the degree of welding, meaning that 0.15 mm/s is a fast enough 
speed. Also, no overheating is observed, as no core crushing is visible, 
even at lower speed. That indicated that the susceptor cannot overheat 
in that configuration, once again highlighting the temperature-control 
feature of the hysteresis losses susceptors thanks to the Curie tempera
ture of Ni. Finally, sources of improvements are not in the welding pa
rameters but mostly in the materials development, by reducing the 
porosity level, selecting the optimal susceptor layer geometry and 
thickness, and its Ni content. The knockdown on the material’s prop
erties caused by the addition of particles and the presence of voids re
mains unclear. This should also be investigated to improve the welding 
process.

Another avenue to explore in the future is the pre-treatment of the Ni 
particles to improve their interfacial properties with the PEI matrix. This 
could compensate the loss of properties caused by adding particles in the 
polymer, as shown in past studies [28].

4. Conclusion

This paper presents a new method for joining sandwich structures by 
induction welding using a 3D-printed susceptor based on hysteresis 
losses. The discontinuous nature of the magnetic susceptor allows it to 
be manufactured in a filament shape and deposited on the honeycomb 
cores by additive manufacturing. The feasibility of producing and 
printing a susceptor filament for induction welding based on hysteresis 
losses is demonstrated. The PEI/Ni-10%vol susceptor produced in one 
single process step with an extruder showed promising heating results, 
although its properties could be improved by reducing the porosity level 
inside the filament and obtaining a more consistent filament diameter. 
Honeycomb cores incorporating printed susceptor layer were produced, 
showing the printability of the material on complex geometries. Finally, 
the weldability of the material was demonstrated by welding skins on 
the honeycomb cores and assessing their skin/core strength with FWT 
tests. The strongest sample resulted in a core failure at 4.6 MPa, indi
cating that the weld exhibits a higher strength than the core. These re
sults, although preliminary, show the promising potential of printing 
hysteresis losses susceptors.
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