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1 INTRODUCTION

Thermoplastic composites are increasingly used in the aerospace industry, mainly because of their ability to be
reprocessed, their short process cycle time and their potential to be repaired. They also typically exhibit higher
fracture toughness than commonly used thermoset composites such as epoxy systems. Thermoplastic composites
joining can be done using adhesives or mechanical fasteners, but these techniques present limitations. The use of
adhesives requires extensive surface preparation such as plasma pre-treatments to achieve satisfying results, due
to the polyolefins’ low surface energy [1]. On the other hand, the presence of fasteners can induce delamination or
deconsolidation as the holes create stress concentration points. An alternative is to turn to fusion bonding, or
welding, which relies on the ability of the thermoplastic materials to melt — or soften in the case of an amorphous
polymer — and be reprocessed ([2], [3]). At the joining temperature, the polymer chains have enough mobility to
migrate through the interface and create a bond, in a process called interface healing ([4]-[6]). The created bond is
then consolidated under pressure. Three main fusion bonding techniques are currently used in the aerospace
industry: ultrasonic, resistance and induction welding ([2], [7]).

In this paper, the latter is used as the joining technique. Induction welding is a fusion bonding process using a
magnetic field as the energy source. A material called susceptor is located at the joining interface and can dissipate
heat in the presence of an alternating magnetic field. The heat can be dissipated through the induction of eddy
currents in electrically-conductive material or, as it is the case in this work, through hysteresis losses in
ferromagnetic materials ([8]-[14]). When magnetic materials are subjected to a time-varying magnetic field, they
are magnetized in alternating directions following the magnetic field lines. During this process, a fraction of the
received magnetic energy is released into heat, the amount of which is dependent on the material’s magnetic
hysteresis and is therefore called hysteresis losses ([15], [16]). This energy, categorized as thermal losses in other
processes, is used in induction welding to melt the surrounding thermoplastic polymer in the bonding area.

The goal of this paper if to assess the feasibility of the use of magnetic susceptor materials relying on hysteresis
losses by producing welded single lap-shear specimens and characterize their mechanical performance.
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2 MATERIALS AND METHODS

2.1 Magnetic susceptor

Magnetic susceptors relying on magnetic hysteresis losses are prepared by mixing magnetic particles with a
thermoplastic compatible with the parts to be welded. Here, the selected polymer is polypropylene (PP), which is a
semi-crystalline thermoplastic. Previous work done by the authors showed which magnetic particles is adapted to
produce a magnetic susceptor depending on the used thermoplastic polymer [17]. In the case of PP, the most
suitable material among the tested particles was Ni. PP pellets (grade 1104A from Pinnacle Polymers) present a
density of 900kg/m? and a specific heat capacity of 1970J/(kg-K). The melting point of this material is around 170°C.
Ni particles (supplied by Sigma-Aldrich) have an average diameter of 5um, a density of 8900kg/m? and a specific
heat capacity of 443J/(kg-K). The Curie temperature of Ni, i.e. the temperature above which the material loses its
ferromagnetic properties, is 358°C [9].

PP pellets and Ni particles are mixed using an internal mixer (HAAKE™ Rheomix OS 1010) at 210°C under air
atmosphere. The PP pellets are first introduced for 5min to melt them. The Ni particles are then added and mixed
with the polymer for another 5min to ensure good spatial distribution. The resulting PP/Ni material is then shredded
into pellets and pressed using a hot press at 210°C for 5min to form a 0.75mme-thick film. This film is then cut into
long bands of 150mm x 12.7mm that will be used as the susceptor during the welding step.

2.2 Adherents

PP adherents are cut into 150mm x 100mm plates from large sheets (supplied by McMaster-Carr) with a thickness
of 2.4mm. Adherents are used as received, without applying any specific surface preparation treatment.

2.3 Induction welding setup

A continuous induction welding setup, presented in Figure 1, is used to join the adherents. The power supply of the
induction welding setup is a generator Ambrell EASYHEAT 10kW. A water-cooled copper hairpin coil equipped with
a Ferrotron 559H field concentrator is used to generate the magnetic field. In single lap-shear (SLS) configuration,
samples are placed on a wooden support mounted on a liner motor, allowing for a lateral displacement
perpendicularly to the induction coil axis. Next to the coil, a pressure roller applies compaction force on the
overlapping area of the samples after they passed under the coil to ensure bonding. The overlap is length kept fixed
at12.7mm.
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Figure 1 — Induction welding setup in SLS configuration, using a hairpin coil equipped with a magnetic field concentrator
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2.4 Experimental parameters

Various experimental parameters can be tuned during welding, such as the coupling distance (between the
induction coil and the susceptor film), the magnetic field intensity (controlled by the coil geometry and the applied
current), the welding speed (linear motion of the table) and welding force (applied by the pressure roller). In this
work, the coupling distance is fixed at 5mm and the applied current at 600A, leading to a maximum magnetic field
amplitude of 27.5kA/m. Adherents are welded using PP/Ni susceptor bands with a fixed nickel volume fraction of
10%. Under these conditions, the initial heating rate of the susceptor is predicted to be around 15°C/s, which was
confirmed experimentally [17]. The welding force is varied between 50, 100 and 150N and the welding speed
between 0.8 and 1.0 mm/s (Table 1).

Table 1 - PP samples name and welding parameters

Sample Name Welding force [N] Welding speed [mm/s]
PP-100/0.6 100 0.6
PP-50/0.8 50 0.8
PP-100/0.8 100 0.8
PP-150/0.8 150 0.8
PP-50/1 50 1.0
PP-100/1 100 1.0
PP-150/1 150 1.0

After welding, joined plates are cut using a ribbon saw perpendicularly to the weld line into 25mm-wide SLS
specimens. Five specimens are cut from each welded plate. Tensile tests are conducted at room temperature in
ambient air conditions following the ASTM D3163 standard, designed for adhesively bonded plastic joints. The speed
of the tensile test machine crosshead is fixed at 13mm/s, as per the standard. No conditioning is performed on the
specimens before testing them.

2.5 Microscopy analysis

One portion of each welded sample is cut out and the transverse surface is polished using sandpapers of grade 300,
600 and 1200. Then, the bond line profile of the welded samples is observed using a Nikon Eclipse MA100N optical
microscope. The thickness of the susceptor layer after welding is reported.

2.6 Failure mode

After the mechanical tests, fractured specimens are visually inspected to define which was the dominant failure
mechanism. The failure can be either adhesive (failure between the susceptor layer and the adherent), cohesive
(inside the susceptor layer, leading to the presence of susceptor on both sides of the specimen) or occur inside the
adherent.



CANCOM2022 — CANADIAN INTERNATIONAL CONFERENCE ON COMPOSITE MATERIALS

3 RESULTS

3.1 Mechanical tests

SLS test results are presented in Figure 2. The presented value for each sample is the average shear strength of five
tested specimens, which is calculated by dividing the force at break by the joining surface area (specimen width
multiplied by overlap length). In the current SLS geometry, this area is approximately 318mm?. The error bars
correspond to the standard deviation calculated on the five specimens. The highest average shear strength is
reached for samples PP-100/0.8 and PP-150/0.8. The welding speed was low enough to allow time for the susceptor
to heat up and melt the surrounding PP, which resulted in a strong bonding, but fast enough to prevent material
deformation (as observed at 0.6mm/s, Figure 3). Unexpectedly, the measured average shear strength for sample
PP-100/0.6 is lower, although this variation is within the standard deviation. In general, samples welded at Imm/s
(PP-50/1, PP-100/1 and PP-150/1) resulted in lower shear strength. This means that the susceptor could not reach
a sufficiently high temperature to provide mobility to the polymeric chain to heal the joining interface. However,
increasing the welding force does seem to compensate partially this effect. The importance of applying a large
enough force during welding also appears on sample PP-50/0.8, in which the shear strength is low even though the
speed was sufficient under larger forces (100N in PP-100/0.8 and 150N in PP-150/0.8). One should keep in mind
that increasing the welding force too much will induce a more important weld line thickness reduction, which could
also affect the mechanical properties.
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Figure 2 — SLS mechanical tests results. The average value for each sample is reported on the figure. The black dashed line
corresponds to the approximate shear stress at which the adherent failed during the experiments.
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Figure 3 — Bending observed when over-heating sample PP-100/0.6 during welding. A large quantity of the susceptor material
(in black) has flowed out of the bonding area and the PP adherent is deformed.

3.2 Fracture analysis

All the fractured specimens are presented in Figure 4 and their main failure modes are summarized in Table 2.
Samples PP-100/0.6, PP-100/0.8 and PP-150/0.8 that presented the highest shear strength all exhibit adherent
failure, meaning that the failure occurred inside the adherent next to the bonding area for all the tested specimens.
The measured strength must therefore not be considered as the joint shear strength, as the weld resisted the
applied force. It can only be concluded that the weld was stronger than the measured value. For PP-100/0.6, the
obtained value is slightly lower and more variable than for PP-100/0.8 and PP-150/0.8, maybe due to the adherent
deformation due to overheating, leading to non-homogeneous adherent thickness and to a lower average strength
(although this might not be significant as the difference is covered by the standard deviation). Sample PP-50/0.8
exhibits cohesive failure in some specimens, highlighting the importance of applying the right force to ensure a
proper contact and healing between the adherents. The variability of the mechanical results is also visible as the
failure occurred differently in all specimens. In sample PP-150/1, more cohesive failure is observed, confirming the
previously made observation that increasing the welding force can partially compensate for a higher welding speed.
However, in that case, it is still not enough to reach a consistent adherent failure mode like in the best performing
samples. The higher force can also cause susceptor to flow out of the bonding region, leading to lower mechanical
performance.
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Figure 4 — Fractured SLS specimens.

Table 2 - PP specimens dominant failure mode during tensile test in SLS configuration

Sample Name Dominant failure Mode
PP-100/0.6 100% adherent failure
PP-50/0.8 80% adherent failure, 20% cohesive failure
PP-100/0.8 100% adherent failure
PP-150/0.8 100% adherent failure
PP-50/1 10% adherent failure, 90% adhesive failure
PP-100/1 30% adherent failure, 70% adhesive failure
PP-150/1 60% adherent failure, 40% cohesive failure
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3.3 Weld profile

Microscope observation of the welded bond line allows measuring the susceptor thickness after welding (Figure 5). The
average thickness based on three measurements made on the welding line is reported in

Table 3. Sample PP-100/0.6 and PP-100/0.8, which obtained the best mechanical results showed an average
thickness of 129um and 216um, respectively, compared to the initial thickness of approximately 750um. Thinner
weld lines were observed in samples PP-150/0.8 and PP-150/1, due to the largest welding force (150N), which led
to lower mechanical performance. In sample PP-150/0.8, the susceptor was completely pushed away under
pressure (right picture, fourth row on Figure 5). Even though the mechanical properties are not affected by the
reduction in bond line thickness, it could be minimized to avoid wasting susceptor material as long as the
performance is acceptable. Therefore, in the case of a speed of 0.8mm/s, the force can be limited to 100N.

In sample PP-150/1, cohesive failure might have been caused by the thin layer of susceptor remaining at the weld
line. In sample PP-100/1 and PP-50/1, the susceptor layer is still thick, showing that the maximum temperature
reached during welding was too low, as the susceptor did not deform a lot. Finally, for sample PP-50/0.8, the low
performance cannot be attributed to an insufficient speed, as 0.8mm/s provided the best mechanical results. It can
therefore be concluded that a welding force of 50N is not sufficient to produce a strong weld. These observations
point out to the conclusion that 100N is the correct amount of force to apply to weld PP with the current setup.

It is also worth noting on Figure 5 that the particles dispersion inside the susceptor layer seems to be good. Visually,
there are no major agglomerations and no regions with few to no particles. No porosities are observed inside the
susceptor layer, which is also necessary to obtain good mechanical properties. This shows that the technique used
to mix and prepare the susceptor is appropriate for PP/Ni systems.

Table 3 - PP samples susceptor layer thickness after welding

Sample Name Susceptor thickness after welding [um]
Before welding 750
PP-100/0.6 216
PP-50/0.8 537
PP-100/0.8 129
PP-150/0.8 40
PP-50/1 487
PP-100/1 605
PP-150/1 60
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Figure 5 - PP samples welded bond line. The red arrows indicate the location of the thickness measurement and the white
dots are the nickel particles distributed in the susceptor layer.
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4 CONCLUSION

The results presented in this paper show that using susceptors based on hysteresis losses to perform induction
welding of thermoplastic materials is possible. The mixing technique produced homogeneous susceptors with good
particles distribution and no porosities. The mechanical tests showed the importance of the welding speed. A too
fast welding speed does not give enough time for the susceptor material to heat up, melt the surrounding
thermoplastic and heal the interface. On the other hand, there is a risk of over-heating when going too slow. This
leads to deformed joints and large susceptor outflow. A high welding speed can be partially compensated by
increasing the welding force, which leads to better mechanical performance. A good balance must be found
between these welding parameters to produce stronger and repeatable welds. In this specific case, the optimal
parameters to continuously weld PP adherents by induction using PP/Ni-10%vol susceptor are a welding speed of
0.8mm/s and a welding force of 100N.

Future work will include transferring this technique to high performance thermoplastics and thermoplastic
composites, where the stronger adherents will prevent the adherent failure, giving the opportunity to better
observe and characterize the actual weld strength. An alternate way to prevent the adherent failure is to increase
its thickness.
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