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Soudage par induction d’un cceur imprimé en 3D a des peaux en composites a I’aide
d’un suscepteur électro-magnétique innovant

Romain Georges MARTIN

RESUME

La survie d’un astromobile — ou rover — sur la Lune dépend de nombreux facteurs, en
particulier de sa capacité a résister a la froide nuit lunaire, durant laquelle la température
chute a -200°C pendant 14 jours. Afin de garantir une température suffisante a I’intérieure du
rover, ce dernier doit étre composé d’une structure offrant une grande isolation thermique.
Pour cela, le projet PEEKbot propose d’utiliser des panneaux sandwich a base de matériaux
composites thermoplastiques qui offrent une grande intégrité structurelle ainsi que les
propriétés thermiques recherchées. Les structures suggérées sont composées de cceurs en nid
d’abeilles produits par impression 3D et de deux peaux en composites thermoplastiques haute

performance, assemblés par soudage thermoplastique.

Dans le présent projet, le soudage par induction est choisi, lequel utilise 1’application d’un
champ magnétique pour générer de la chaleur directement a I’interface de soudage grace a un
suscepteur. Les suscepteurs magnétiques, dans lesquels la dissipation de chaleur se produit
grace au phénomene des pertes par hystéreése, sont sélectionnés pour l’assemblage des
panneaux sandwich. Ils sont composés des particules ferromagnétiques dispersées dans un
polymére thermoplastique. La premicre étape consiste a déterminer les propriétés essentielles
du matériau et établir une méthodologie de sélection des particules ferromagnétiques en
fonction du polymere choisi et du dispositif de soudage par induction utilisé. Ensuite, grace a
cette méthodologie, les particules de Nickel sont choisies pour fabriquer des suscepteurs a
base de poly-ether-ether-imide, un thermoplastique haute-performance. La caractérisation des
ces suscepteurs révele leurs bonnes propriétés de chauffe et confirme qu’ils peuvent étre

utilisé pour le soudage par induction.

Le montage expérimental de soudage par induction est adapté aux panneaux sandwich, et

I’ajout d’un sac sous vide dans lequel sont placés les échantillons permet une application
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constante et uniforme de la pression durant le procédé. Grace a cela, des échantillons sont
ensuite assemblés par soudage par induction a I’aide de films de suscepteurs magnétiques
précédemment développés. Les soudures réalisées avec les paramétres de procédé optimaux
révelent une résistance supérieure a celle du cceur imprimé en 3D. Par la suite, les films de
suscepteur sont remplacés par une couche de suscepteur imprimé en 3D directement sur le
cceur en nid d’abeilles, localisant ainsi la chauffe. Une caractérisation compléte, du filament
de suscepteur jusqu’au panneaux sandwich soudés a 1’aide de ce matériau conclut que cette

méthode de soudage fonctionne, ce qui est prometteur pour de futures utilisations.

Finalement, la méthode d’assemblage par induction sous vide est transférée a des panneaux
sandwich a peaux en fibres de carbones, pour lesquels 1’utilisation d’une suscepteur n’est pas
nécessaire. La modélisation de la chauffe par induction des laminés est confirmée par des
mesures expérimentale, et des panneaux sandwich sont soudés par induction. Une nouvelle
fois, la résistance maximale des soudures se révele supérieure a celle du cceur imprimé,
confirmant le bon fonctionnement de la méthode de soudage par induction sous vide et sa

capacité a étre adaptée a différents matériaux et mécanismes de chauffe.

Mots-clés : composites thermoplastiques, soudage par induction, structures sandwich



Induction welding of 3D-printed core to composite facesheets with new electromagnetic
susceptor

Romain Georges MARTIN

ABSTRACT

The survival of a rover on the Moon depends on various factors, especially its ability to resist
the cold lunar night, during which the surface temperature drops to -200°C for 14 days. To
ensure a sufficient temperature inside the rover, it must be made of a structure offering high
thermal insulation. For that purpose, the PEEKbot project proposes to use thermoplastic
composites sandwich panels, which provides high structural integrity and the required
thermal properties. These suggested structures are composed of a 3D-printed honeycomb
core and two high-performance thermoplastic composite facesheets, which are assembled

using thermoplastic welding techniques.

In the present work, induction welding is selected. This method relies on the application of a
magnetic field to generate directly at the joining interface thanks to a susceptor material.
Magnetic susceptors, in which heat is dissipated by hysteresis losses, are selected for the
assembly of the sandwich panels. They are made of dispersed ferromagnetic particles in a
thermoplastic polymer. The first step is to determine the crucial properties of the material and
define a material selection methodology to select ferromagnetic particles based on the
thermoplastic polymer and the available induction welding setup. Then, using the proposed
methodology, Nickel particles are selected to prepare susceptor with poly-ether-ether-imide,
a high-performance thermoplastic polymer. Characterization of the susceptors shows their

satisfying heating properties and confirms that they can be used for induction welding.

The induction welding experimental setup is then adapted to the assembly of sandwich
panels. The addition of a vacuum bag in which the sample is placed allows for the
application of a constant and homogeneous pressure throughout the process. Samples are
welded with this updated method, using the previously developed magnetic susceptor films.

The welds conducted with optimal process parameters exhibit a skin/core strength larger than



the tensile strength of the 3D-printed core. Then, susceptor films are replaced with a layer of
susceptor directly printed on the honeycomb core, localizing the heat dissipation on the top
of the cell walls. A complete characterization, from the 3D-printing filament of susceptor to
the sandwich panels welded using this material concludes that this induction welding method

is feasible, which is promising for future applications.

Finally, the vacuum induction welding method is transferred to the assembly of sandwich
panels made of carbon fibres reinforced sandwich facesheets, which do not require the use of
a susceptor as heat can be generated directly in the material. Modelling of the induction
heating of the laminates is confirmed by experimental measurements, and sandwich panels
are welded by induction. Once again, maximum skin/core strength is higher than the 3D-
printed core strength, which confirms that the vacuum induction welding method works

correctly, and that it can be adapted to different materials and heating mechanisms.

Keywords: thermoplastic composites, induction welding, sandwich structures
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INTRODUCTION

Background

With the Artemis program, humanity is set to get back on the surface of the Moon. The
Canadian Space Agency (CSA) is participating in an international collaboration with the
National Aeronautics and Space Administration (NASA), the European Space Agency (ESA)
and the Japan Aerospace Exploration Agency (JAXA) to plan and prepare the program,
which includes the establishment of the first space station in orbit around the Moon (Lunar
Gateway) and a ground base on the surface of Earth’s satellite. Following the heritage of the
collaboration with NASA, CSA will contribute to the Lunar Gateway with the Canadarm-3,
the new generation of the robotic arm previously used on the Space Shuttles and on the

International Space Station (ISS) (Canadian Space Agency, 2020).

In parallel, CSA has launched the Lunar Exploration Accelerator Program (LEAP), aiming to
position the Canadian space sector at the forefront of the lunar science and technologies
activities. One of the elements of the LEAP program is “the development, launch and
operation of a Canadian rover, set to perform technology demonstration” (Canadian Space
Agency, 2019). The development and construction of the 30 kg-rover have been attributed to
the Canadian company Canadensys, with the objective to send it to the south pole of the
Moon in 2026-2027. The principal scientific missions of the rover will be to search the
Moon’s surface for the presence of ice and to better understand the geology of the Moon.
From a technological point of view, the major objective of the mission will be to demonstrate

the rover’s ability to survive the long and cold Lunar night.

As it can be observed from Earth, the Moon experiences a 28-day cycle during which the
surface is facing the Sun for 14 days and then stays in the shade for another 14 days. During
the Lunar day, the temperature at the surface is around 100 °C, and the rover can collect
energy from the Sun by using its solar panels (Williams et al., 2017). This is the active phase

of the rover’s life when it can perform its tasks. Once it goes into the shade, the temperature



at the surface of the Moon drops quickly to -200 °C (Williams et al., 2017). During the
Lunar night, the rover goes into sleep mode, to minimize its energy consumption. It can only
count on the energy stored in its batteries to survive the cold. As of today, no Lunar rover has
been able to accomplish this task, mostly because of the lack of thermal insulation in the
rover’s structure. When the heat generated inside the rover is conducted through the structure
and lost in the environment, the temperature inside the rover drops below 0 °C. When this
happens, electronic equipment gets damaged by the subzero temperature and is unable to

restart when the Sun returns at the end of the Lunar night.

To tackle this challenge, the PEEKbot project was launched in 2018 with the objective of
developing a rover with a structure made of high-performance thermoplastic polymers and
thermoplastic composites. These materials are exhibiting lower thermal conductivity, which
should allow the structures to maintain a positive internal temperature during the Lunar night.
They are also lighter than their metallic counterparts, which can reduce the weight of the
rover and save costs at launch or allow more mass for the scientific equipment. The project
regroups three academic institutions (Ecole de technologie supérieure, Polytechnique
Montréal and Universit¢ Laval), CSA and four industrial partners (ArianeGroup,
NanoXplore, Mékanic and Dyze Design). It is divided into five major axes (PRIMA Québec,
2020):
e Development of high-performance thermoplastic composites meeting space requirements.
e Manufacturing of rover composite components via additive manufacturing and
pultrusion.
e Assembly of components by induction welding
e Modelling and optimization of the structure’s mechanical performance.

e Integration of the sub-systems to build a prototype of the rover.

The work presented in this thesis is part of the third axis focusing on induction welding. It
will be applied to the assembly of the sandwich panels that constitute the faces of the rover’s

structure. The use of thermoplastic composites sandwich panels is new to the aerospace



industry. The joining methods must be adapted to these materials to produce sandwich panels

fulfilling the requirements of the project.

Structure of the thesis

Following this introduction, Chapter 1 presents the current state of the art related to the topic
of induction welding of sandwich structures. First, the theory of thermoplastic polymers
welding is reviewed, followed by the different existing methods of welding and a
presentation of the Thermabond process. Then, induction welding is presented in more
details, followed by a description of the different heating mechanisms and susceptor
materials available for this welding method. Finally, sandwich structures are described,
including the different parts and materials currently used, the skin/core joining techniques

and the main mechanical tests used to characterize the assembly of these structures.

Then, Chapter 2 summarizes the main gaps and points of interest identified in the literature

review, helping to define the research objectives of this thesis.

Chapter 3 to 7 present the work conducted in this project, related to the objectives defined in
Chapter 2. Chapter 3 was published as a journal paper in 2022 and Chapter 5 in 2024.
Chapter 7 has been submitted as a journal paper and is currently undergoing the peer-review
process. In Chapter 4, Martin Figueiredo worked on the preparation of the samples and the
induction heating characterization during his internship project under the supervision of Prof.
Martine Dubé and the mentorship of Romain G. Martin. In Chapter 6, Baptiste Renault,
during his master project under the supervision of Prof. Martine Dubé and the mentorship of
Romain G. Martin, worked on a preliminary study about the comparison between the one-
step and the two-steps mixing processes. The Vibrating Sample Magnetometer measurements
presented in this chapter were performed at Polytechnique Montréal by Prof. David Ménard
and Djamel Seddaoui. The hysteresis loops were analyzed by Prof. Christer Johansson at

RISE Research Institutes of Sweden in Goteborg, Sweden.



Finally, Chapter 8 concludes the thesis by proposing a synthesis of the results and the
original contributions brought by this project. Some limitations of the current methods and

recommendations for future work are also suggested in this chapter.



CHAPTER 1

LITERATURE REVIEW

1.1 Thermoplastic Welding

In the last decades, the use of thermoplastic composites has increased thanks to their
favorable mechanical properties (high strength-to-weight ratio, stiffness-to-weight ratio,
impact resistance, fracture toughness) as well as their ease of use (unlimited shelf life, faster
processing than thermoset curing, low toxicity due to the absence of solvent, limited moisture
absorption, potential for recycling) (Campbell, 2004a; Pegoretti, 2021). The main drawbacks
of thermoplastic polymers are their high melt viscosity, caused by their high molecular
weight, and their higher required processing temperature, as the thermoplastic matrix must
melt to allow for processing (Campbell, 2004a). However, a growing potential to use
thermoplastic composites to replace metallic parts as well as thermoset composites is
observed in various fields, including aeronautics and space (Slayton & Spinardi, 2016;
Vodicka, 1996). Their use in large structures requires to develop reliable joining methods to

assemble complex structures.

1.1.1 Composites joining techniques

Three main techniques are used to join composite parts, as summarized in Figure 1.1:
adhesive bonding, mechanical fastening and thermoplastic welding (Ageorges & Ye, 2002;
Costa et al., 2012; Yousefpour et al., 2004).
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Figure 1.1 Summary of the main techniques for joining thermoplastic composites
Taken from Yousefpour et al. (2004, p. 305)

Mechanical fasteners are widely used to assemble metal components. Some fasteners like
bolts can be removed without causing damage to the assembled parts, which allows for
maintenance or repair to occur. On the other hand, others like rivets are permanent fasteners,
so removing them can be more challenging or impossible (Troughton, 2009b). The main
drawback of fasteners is the mass they are adding to the structure (which in turn increases the
cost of launch when used in space applications), and the risk of galvanic corrosion caused by
the metal insert (Cole, 1982). To reduce these issues, metallic fasteners are typically
insulated from the rest of the structure using glass fibres. An alternative currently in
development is to replace them by polymeric or composite fasteners like carbon fibres
reinforced thermoplastics (Absi et al., 2022). In any case, the application of mechanical
fasteners typically requires drilling holes in the parts to be assembled. These holes are
undesirable in composite materials as their creation can induce delamination and cracks in
the laminates (Cole, 1982). Also, these holes represent points of stress concentration,

especially in the case of over-tightened bolts (Troughton, 2009b).



Adhesives are an alternative option to join composite components. The mass penalty caused
using adhesives is smaller than with mechanical fasteners, and they do not require the
presence of holes in the parts. However, adhesives typically create a permanent bond, which
cannot be modified or removed without causing damage to the structure, making repairs and
recycling of bonded structures challenging and sometimes impossible. Adhesives can be
applied to both thermoset- and thermoplastic-based composites. However, thermoplastic
polymers and thermoset adhesives typically exhibit low chemical compatibility, because of
the low surface tension of thermoplastic polymers. Extensive surface preparation — such as
plasma treatment, acid etching or grit blasting — of the thermoplastic adherend is therefore
required (Campbell, 2004b; Silverman & Griese, 1989), but these processes are labour-

intensive and time-consuming (Ageorges et al., 2001).

1.1.2 Thermoplastic welding methods

Thermoplastic welding offers an opportunity to efficiently join thermoplastic parts. It retains
the presented advantages of adhesives (small weight penalty and the absence of drilled holes
in the laminates) and mechanical fasteners (possibility of joint reopening). The working
principle of thermoplastic welding is to heat up the interface to be joined, then apply pressure
on the assembly to form a weld while the material cools down. There are different ways to
heat up the interface to perform thermoplastic welding. Review studies (Ageorges et al.,
2001; Villegas et al., 2013; Yousefpour et al., 2004) report three main methods to weld
thermoplastic composites: thermal welding, in which the interface is heated using a external
heat source, like autoclave assembly or laser heating in automated fibre (or tape)
placement (Sonmez & Hahn, 1997); friction welding, where heat is dissipated mainly
through friction caused by a relative movement of the parts to be joined, and electromagnetic
welding, in which the heat is dissipated by various electromagnetic mechanisms, such as
Joule heating or magnetic hysteresis heat dissipation (Figure 1.2). These techniques are
complementary to each other, allowing welding of a wide range of structures, including those
with complex geometries. As for other thermoplastic welding methods, they are favorable

because they only heat up the welding interface to the melting temperature, reducing the heat



transfer to the rest of the part and hence minimizing its impact on the integrity of the
structure (Ageorges et al., 2001). There are three main welding techniques currently used in
the composites industry: ultrasonic welding, resistance welding and induction

welding (Villegas et al., 2013; Yousefpour et al., 2004).

Fusion Bonding
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Thermal Welding Friction Welding Electromagnetic Welding

— Hot Tool Welding —» Spin Welding —» Induction Welding
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—» Laser Welding

Figure 1.2 Fusion bonding techniques summary
Taken from Yousefpour et al. (2004, p. 306)

Ultrasonic welding consists in applying a low amplitude mechanical vibration at high
frequency (20-40kHz) to generate heat by Coulomb friction and weld thermoplastic
components (Yousefpour et al., 2004). The welding time is very fast, lasting approximately
one second (Troughton, 2009a). The main difference with respect to other friction welding
techniques is that the vibration direction is perpendicular to the joining interface, while in
spin, stir and vibration welding, the relative movement of the parts is parallel to the interface.
In ultrasonic welding, one part is fixed on the base and the other one is vibrating under a
horn. To ensure efficient energy dissipation, triangular or rectangular asperities, called
energy directors, are pre-moulded at the interface. They are designed to melt and flow at the
interface under the applied pressure (Yousefpour et al., 2004). Recent research shows the

possibility to replace these moulded energy directors by a neat thermoplastic film (Tsiangou



et al., 2019). This welding technique is widely used in the plastics industry because of its
high speed (a few seconds (Villegas et al., 2013)) and repeatability. In the composites
industry, this method is usually used to hold plies in place before applying another process
step, such as consolidation of another welding technique. However, the geometry is often
limited to flat and almost flat surfaces, and the weld cannot be modified or reopen without

damaging the part, inherently removing one of the key advantages of welding.

Resistance welding is classified as an electromagnetic welding technique. It consists of
placing a resistive element located between the thermoplastic parts to be welded, in which
current circulates thanks to copper connectors clamped at each end of the heating element.
The heat is then dissipated at the interface by the Joule effect (Troughton, 2009a; Villegas et
al., 2013; Yousefpour et al., 2004). The resistive element is often a metallic mesh or a carbon
fibre weave. Recent development are also proposing nanocomposite heating elements
(Brassard et al., 2019, 2021). This method is not restricted to flat surfaces, it is fast (around
90 s (Villegas et al., 2013)), and the welded structures can be repaired as the heating element
typically remains in the weld (it must still be possible to connect it to the power source).
However, the presence of the mesh can also be a source of failure in case of poor adhesion or
in the presence of voids. There can also be a risk of uneven heating as the current flows

unequally through different parts of the heating element (Troughton, 2009a).

The principle of induction welding relies on the application of an alternating electromagnetic
field (instead of a current as in resistance welding) in which a heating element material called
a susceptor reacts to the applied field (Ahmed et al., 2006; Bayerl et al., 2014; Rudolf et al.,
2000). The susceptor is a material that can absorb electromagnetic energy and dissipate it
into heat through various mechanisms (presented in more details in 1.3). Consequently, the
surrounding thermoplastic polymer is melted, allowing for a weld to occur. Induction
welding is already implemented in the aerospace industry. For example, Fokker developed in
the late 2000’s fully thermoplastic composite elevators and rudders for the Gulfstream G650
(Van Ingen et al., 2010). These structures are assembled by induction welding, which relies

on an electromagnetic mechanism to dissipate heat at the bonding interface; therefore, it is
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classified in the same category as resistance welding (Figure 1.2). Induction welding is a fast
process (similar to resistance welding (Villegas et al., 2013)) than can be automated. Its main
advantage is the absence of required physical contact with the parts to be welded. The
induction coil, generating the applied magnetic field, must be placed in the vicinity of the
welding line to properly heat up the susceptor. Induction welding process parameters are

presented in more details in 1.2.

1.1.3 Thermoplastic welding theory

As presented, thermoplastic welding is performed by heating up the thermoplastic polymer
matrix at the interface of the parts to be welded. As the temperature is increased and pressure
is applied, a weld between the two parts can be formed. The interface eventually disappears,
and the two parts are welded into one. Different mechanisms governing the weld formation

are presented in this section. This theory is applicable to all the welding methods.

The general process of welding is summarized in Figure 1.3. If the parts are heated up before
entering into contact, interface softening occurs first, reducing the viscosity of the polymer at
the surface of the parts to be joined (Yang & Pitchumani, 2002). Then, two main mechanisms
govern welding: intimate contact and interface healing (Ageorges & Ye, 2002; Butler et al.,
1998). The evolution of those two parameters can be expressed as the degree of intimate
contact and the degree of healing, respectively. These two mechanisms are presented in more

detail in 1.1.3.1 and 1.1.3.2.
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Figure 1.3 Scheme of the various steps occurring at the welding interface during a fusion
bonding process
Taken from Yand and Pitchumani (2002, p. 3213)

1.1.3.1 Degree of intimate contact

The first mechanism that allows thermoplastic welding is the development of intimate
contact between the parts. It corresponds to the establishment of physical contact at the
interface to be welded. This is essential for the welding process, as healing can only happen
on surfaces that are in intimate contact (Butler et al., 1998; Pitchumani et al., 1996). When
two parts are brought together, asperities located at their interface enter in contact with each
other. At that stage, only a fraction of the nominal surface is in physical contact, which is
defined as the initial degree of intimate contact. Temperature and pressure are required to
deform the asperities and eventually reach a 100% effective intimate contact, which can also
be seen as the absence of voids between the parts. The degree of intimate contact, D;., is
defined as the fraction of the total surface that is in actual physical contact. Multiple models
have been developed to characterize the deformation of the asperities and the evolution D;..
Dara and Loos first made the assumption that the surface can be approximated as a series of

rectangles of variable dimensions, deformed at constant pressure and temperature (Dara &



12

Loos, 1985). Lee and Springer, followed by Mantell and Springer, simplified the surface with
uniform rectangles, eventually extending the approach to account for varying pressure and
temperature (W. I. Lee & Springer, 1987; Mantell & Springer, 1992). The Lee and Springer
approach is the most commonly used model, in which the rough surface is represented by
rectangular elements of initial height a, and width by, separated by a distance w,, as

represented in Figure 1.4 (Mantell & Springer, 1992).
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Figure 1.4 Surface asperities representation based on Mantell and Springer model

Upon application of pressure, these elements are deformed but conserve their total area
(through conservation of mass), which results in an increase of their width and a reduction of
their height, leading to a global increase of the intimate contact (Avenet et al., 2021; Levy et
al.,, 2013). The evolution of the degree of intimate contact can be expressed with the

following expression:

Jury

L (1.1)

tpP

= DiCO [1 + le _dt
0o HMmy

b(t)

ic:b0+W0

with D;., being the initial degree of intimate contact, C; a constant based on the initial
geometry of the asperities, P the applied pressure, t,, the pressure time and p,r the fibre-
matrix viscosity (Butler et al., 1998; Byron Pipes et al., 1991). The initial degree of intimate
contact D;.q can be expressed as:

bo (1.2)

Diyg = ———
e0 bo + Wy
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And the constant C;, based on the representative rectangles’ dimensions, is defined as:
b ap\? 1.3
=5 (5 () "

Equation (1.1) can be simplified to:

& p g (1.4)
Di.=a" [ f Edtl
where, a* is a single geometric factor accounting for the initial roughness of the interface.
Values of 0.147 (Ageorges et al., 1998b; Colak et al., 2002) and 0.29 (Mantell et al., 1992;
Sonmez & Hahn, 1997) are used in different papers for predicting the evolution of the degree
of intimate contact. Like D;.o and Cy, it can also be obtained experimentally, as done in the
work of Griinewald et al. (Griinewald et al., 2017a). Values of a,, by, and w, are determined
to fit surface roughness measurements obtained with a stylus profiler. As the roughness
depends on the material and the processing method (injection, infusion, consolidation), it

varies from one case to another.

The viscosity term p,, corresponds to the fibre-matrix viscosity. It considers the impact of
the presence of fibres on the local viscosity of the composite. Pipes et al. proposed models
expressing s relative to the polymer matrix viscosity in different directions, due to the
anisotropy of the composite material (Byron Pipes et al., 1991). At low fibre fraction, the
fibre-matrix viscosity tends towards the polymer matrix viscosity. The fibre-matrix viscosity
is also reported as an Arrhenius relationship in different papers for a given material, with a
given volume fraction. For example, Mantell et al. report the fibre-matrix viscosity presented
in Equation (1.5) for an APC-2/AS4 composite tape, with the temperature expressed in K
(Mantell & Springer, 1992).

2969 (1.5)
= 132.95- (—)

.umf exp T [K]
The fibre-matrix viscosity is also experimentally calculated by Khan et al. for a CF/PEEK
tape, based on the laminate thickness reduction under pressure at various temperatures. The

relationship is determined to follow the Arrhenius function reported in Equation (1.6).
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4367

Ump = 643 - exp (m)

(1.6)

Both these expressions are only valid for the material used in their respective studies, with
the same volume fraction. Although it is hard to transfer them to other materials or grades of

polymers, they give an order of magnitude of the fibre-matrix viscosity parameter.

As a periodic set of regular rectangles usually is not representative of a physical roughness at
the surface of a composite part, other models have been developed to try to better
approximate the shape of asperities. One interesting model is the fractal-based model
proposed by Yang et al. (Yang & Pitchumani, 2001). This model approximates the surface as
a series of rectangles of varying dimensions, with regular size decrease and repetitions like a
fractal geometry. These rectangles are then compared to experimental roughness
measurements, and the fractal parameters are adjusted to fit the curves. The model surface is
then deformed in a similar way as for other models, with the rectangles flowing under
pressure until reaching a completely flat plane. The evolution of the degree of intimate
contact during these processes is expressed as (Yang & Pitchumani, 2001):

% (1.7)

2n
1 5 h Zfﬁ+n+4- t P
(n) 0 app
D! t=——(—) j dt +1| ,tp <t<t
e O=Fm3\G) Faor ), e A e "

with D the fractal dimension, f the scaling ratio between two generations of asperities, h, the
depth of the first generation of asperities, Ly the horizontal length of the fractal block, and n

the number of fractal generations.

As it appears in Equations (1.1), (1.4) and (1.7), the application of pressure is essential to
increase the degree of intimate contact; it is the driving force for the deformation of the
asperities. To weld thermoplastic composites, pressures ranging from 0.2 to 1.6 MPa have
been reported (Ageorges et al., 1998b, 2000; V. Stokes, 2003; Xiao et al., 1994). Ageorges et
al. reported an ideal pressure of 0.5 MPa for CF/PEI lap-shear coupons welded by resistance
under the applied process parameters (69 kW/m? of power level and 90 s of welding time), as
presented in Figure 1.5 (Ageorges et al., 2000). They also showed that pressure below

0.2 MPa cannot prevent laminate deconsolidation, while high pressure (from 1.6 MPa and
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above) causes excessive squeeze flow and fibre motion, leading to poor weld
quality (Ageorges et al., 2000). Avenet et al. used pressure ranging from 0.15 to 0.5 MPa to
weld CF/PEKK samples and showed that a minimum of 0.25 MPa was required to obtain a
complete weld (Avenet et al., 2021). Shi et al. concluded that a pressure of at least 0.4 MPa
but ideally 0.8 MPa was required to avoid deconsolidation-induced voids (Shi et al., 2017).
However, they also showed that a much higher pressure (1.5 MPa) was needed to prevent the
formation of residual volatile induced voids. As high pressure would create a low-quality
weld as previously mentioned, it is essential to properly dry materials before processing to
avoid creating porosities. Welding pressure must be applied on the joining interface also
during cooldown, to avoid deconsolidation and voids formation. Beehag et al. showed that at
least 0.2 MPa of cooling pressure is required to avoid deconsolidation during that

phase (Beehag & Ye, 1996).
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Figure 1.5 LSS results for resistance welding coupons with varying consolidation pressure.
Optimal point is located between 0.4 and 0.8 MPa in this study
Taken from Ageorges et al. (2000, p. 1195)
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1.1.3.2 Degree of healing

In the areas where intimate contact is established, polymer chains can move through the
interface and entangle with the chains from the other side. This mechanism, referred to as
healing or autohesion, provides the strength to the weld (Y. H. Kim & Wool, 1983; Wool et
al., 1989; Yang & Pitchumani, 2002). At temperatures higher than the melting point Ti (for
semi-crystalline thermoplastic polymers) or the glass transition temperature Ty (for
amorphous polymers), the molecular chains that compose the polymer gain mobility and can
slowly move from their initial position (Y. H. Kim & Wool, 1983; Wool et al., 1989). Their
movement is modelled by the well-established reptation theory (de Gennes, 1971). This
model assumes that at the initial time t = 0, the chain is contained in a tube-like region. The
chains are entangled with each other, and they are unable to get out of this tubular region.
When the temperature surpasses the Tm or the T, of the polymer, these chains start to move
from their initial position, starting from one or both extremities. The portion of the chain that
is then out of the initial tube is called a minor chain. With time, the minor chain grows until
the whole chain has eventually moved from its initial position. The minor chains can also be
represented encapsulated in a circle (spherical envelope) that is increasing with time, as the
minor chains grow. The growth of the minor chain as well as its respective spherical
envelope are represented on Figure 1.6. The time required for the complete movement of the
chain is defined as the reptation time tz. After this time, this polymer chain has crossed the
interface and is able to entangle with chains from the other side, thus forming a weld as

shown in Figure 1.7.
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Figure 1.6 Disengagement of a chain from its initial tube-like region (dotted line). The minor
chain spherical envelope is increasing with time
Taken from Kim and Wool (1983, p. 1116)
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Figure 1.7 Joining interface before mobility started and after reptation time
Taken from Kim and Wool (1983, p. 1116)



18

The progression of the chain entanglement at the welding interface is defined as the degree of
healing D;, and corresponds to the increase of strength of the interface. D), at a given time ¢ is
expressed as a ratio between the current strength o and the maximum strength oo,

corresponding to the bulk polymer strength, as shown in Equation:
1
=2 (L) (18)
h O B tR
The reptation time t,- can be expressed with an Arrhenius law (Bastien & Gillespie, 1991):

A (1.9)

ty = Brep €Xp (%)

where A,., and B,., are material-dependent constants, which are usually calculated
experimentally. For example, Bastien and Gillespie obtained values for PEI of -105.6 s for
ln(Brep) and 59 728 K'! for Aprep- These results are based on the evolution of the lap-shear
strength of samples welded in a hot press (Bastien & Gillespie, 1991). Barroeta et al. used a

parallel plate rheometer to obtain experimental values of -129.8 s"* for ln(Brep) and
77201 K for Arep for PEI, and -105.2 s'4 for ln(Brep) and 72 597 K for Ayep for
PEEK (Barroeta Robles et al., 2023).

To experimentally measure the evolution of the degree of healing, a good control of the
thermal history at the weld line, as well as the applied pressure, is necessary. Avenet et al.
have developed a testing bench called TACOMA aiming to perform controlled welding
tests (Avenet et al., 2020). This setup is equipped with heating cartridges to heat up the parts
to be welded, control thermocouple and a pneumatic piston to apply the pressure, as
presented in Figure 1.8. By varying the temperature, the pressure, and the processing time,
they were able to measure the evolution of the degree of healing of CF/PEKK samples by

performing double cantilever beam (DCB) tests on welded samples.
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Figure 1.8 Picture (top) and scheme (bottom) of the experimental TACOMA setup,
developed by Avenet et al. to weld composites samples with controlled temperature and
pressure
Taken from Avenet et al. (2020, p.3)

1.14 Coupled model

Depending on the materials used and processing conditions, intimate contact and healing can
occur at very different rates, making the development of mechanical properties limited by
only one of the two mechanisms. In that case, only the rate-controlling step should be

modelled to predict the evolution of properties, considering the faster step as instantaneous.
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However, as pointed out by Butler et al., intimate contact and healing can occur in times on
the same order of magnitude (Butler et al., 1998). While the degree of intimate contact keeps
evolving, healing starts in the regions that are in contact. To correctly predict the evolution of
the two mechanisms simultaneously, a coupled model is proposed (Ageorges & Ye, 2002;
Butler et al., 1998; W. I. Lee & Springer, 1987). The degree of bonding D; — or more
precisely the degree of welding — can be expressed as:

Dy (t) = Dic(t) - Dp(t) (1.10)
When the degree of welding reaches a value of 1, the weld is complete, and the maximum
joint properties are reached. The weld should therefore exhibit similar mechanical properties

to the bulk material.

Equation (1.11) is proposed to model the evolution of the degree of bonding using the
coupled model, taking into account the evolution of both the degree of intimate contact and
the degree of healing (Butler et al., 1998):
t . (1.11)
Du(®) = () Du(®) + [ Dyt =) Bieae
With Dic(t') being the rate of evolution of the local degree of intimate contact since the
corresponding surface reached intimate contact, defined as:

- dD;c(y) (1.12)
Dic(t) = v
Y Jy=e
This equation expresses that the healing starts on every part of the interface as soon as it
reaches intimate contact. A few boundaries are added to the model, such as Dy (t) and D;.(t)
cannot be larger than 1 on any location at any time, and D, (t) and D;.(t) are equal to zero
when the temperature is below the transition temperature (T for amorphous and Tr for semi-
crystalline polymers) or when no pressure is applied. An accurate visual explanation for the

evolution of the coupled model proposed by Ageorges and Ye is reported in Figure

1.9 (Ageorges et al., 1998D).
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Figure 1.9 Schematic of the coupled model, showing the deformation of the rectangles with
the evolution of the degree of healing on the surfaces that have reached a complete degree of
intimate contact
Taken from Ageorges et al. (1998, p.912-913)

1.1.5 Amorphous bonding — Thermabond process

Welding must be conducted at temperatures higher than the melting point (or glass transition
temperature) of the thermoplastic polymer to give the polymer chains move through the
joining interface and create a weld when consolidated. When using fibre reinforced
thermoplastic laminates, reaching this high temperature can be problematic as it may cause
inter-ply deconsolidation inside of the laminate, distortion of the fibres under pressure and
part dimension changes. To avoid this issue, the Thermabond process was proposed
(Cogswell et al., 1989; Meakin et al., 1991; Smiley et al., 1991). An interlayer of amorphous
thermoplastic, which exhibits a welding temperature lower than the melting point of the
parent laminate, is attached to the composite adherend before joining. The adhesion between
this interlayer and the adherend occurs during the consolidation phase of the composite part.
The resulting laminate maintains the properties of the parent composite but presents an
amorphous polymer-rich surface. During the welding process, welding can occur at a
temperature higher than the Ty of the amorphous interlayer, but lower than the Tm of the
adherend. That way, the mechanical and physical properties of the parent laminate are not

compromised, as the matrix is not molten during the process. The amorphous interlayer can
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be heated up using thermal heating in oven, or through any other thermoplastic welding
process. The Thermabond process can be used to perform patch repair on thermoplastic
composites, as demonstrated by Heimerdinger et al. (Heimerdinger, 1994) In terms of
recycling, the co-consolidation of the amorphous layer on the parent laminate prevents the
further separation of the two materials, potentially reducing the recyclability of the structure.
Smiley et al. demonstrated this welding strategy by welding carbon fibres reinforced PEEK
laminates using a PEI layer as the amorphous polymer surface layer (Smiley et al., 1991).
PEEK and PEI are miscible, which is an essential criterion to create a strong bond between
the surface layer and the parent composite laminate (Hsiao & Sauer, 1993). A 75 um-thick
PEI film is placed on the CF/PEEK laminate in the areas to be joined and the complete lay-
up is consolidated at the required processing temperature for PEEK (around 400°C). PEI is
not degraded during that process as its degradation temperature starts around 450°C
(Carroccio et al., 1999). The resulting dual polymer plate is used as adherend for welding.
The welding process must occur at a temperature higher than PEI’s Ty, (210°C in Figure
1.10, typically 215-217°C in commercially available PEI) but lower than PEEK’s Tr, (334°C
in Figure 1.10, typically 343°C in commercially available PEEK). This gives a process
window fixed between 260°C and 315°C, as highlighted in Figure 1.10.
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Figure 1.10 PEEK and PEI modulus evolution with temperature. The highlighted process
window of the “Thermabond” process is located between 260 and 315°C
Taken from Smiley et al. (1991, p. 527)

1.2 Induction Welding

1.2.1 Induction welding process parameters

As previously introduced, induction welding relies on an alternating magnetic field to
generate heat at the welding interface. The available electromagnetic energy depends on
different parameters: the amplitude and frequency of the alternating current travelling
through the induction coil, the geometry of the coil (shape and dimensions), and the distance
between the coil and the weld line (i.e., the coupling distance). The current frequency
typically varies from 200 kHz to 1000 kHz (Bayerl et al., 2014; Yousefpour et al., 2004).
When higher frequencies are used, the welding method is not considered induction welding
and becomes dielectric welding for frequencies in the MHz region, and microwave heating in

the GHz region (Yousefpour et al., 2004). The applied current amplitude varies depending on
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the active heat dissipation mechanism (as presented hereafter), but is typically in the range of
a few hundred amperes (Dermanaki Farahani et al., 2018; Mitschang et al., 2002; Pappada et
al., 2015; Seneviratnae et al., 2021).

The coil geometry can vary a lot, from pancake to helical shapes, from single to multiple
turns coils (Bayerl et al., 2014; Sanders, 1987). This has a direct impact on the magnetic field
intensity, orientation and distribution along the welding surface (Barazanchy et al., 2022; Lin
et al., 1992; Rudolf et al., 2000). A homogeneous field distribution is desired to induce
homogeneous heating at the welding line. It is therefore essential to adapt the coil geometry
to the parts to be welded. The induction coil can be equipped with a magnetic flux (or field)
concentrator (MFC) to concentrate the magnetic field amplitude on the side of the coil where
welding is taking place by redirecting the field lines (Ahmed et al., 2006; O’Shaughnessey et
al., 2016; Seneviratnae et al., 2021). This is useful to increase the available magnetic energy

without increasing the current or the frequency of the current.

Rudolf et al. showed that the coupling distance greatly impacts heating by induction (Rudolf
et al., 2000). The shorter the coupling distance, the higher the field amplitude, and therefore
the higher the heating rate. They measured that the time required to reach 300°C in a part
varied from a few seconds when located at 2 mm to more than a minute when located at
8 mm. The coupling distance is typically kept under 10 mm in the different papers available
in the literature, depending on the other welding parameters (Bayerl et al., 2012, 2014;
Dermanaki Farahani et al., 2018; Pappada et al., 2015; Rudolf et al., 2000; Suwanwatana et
al., 2006a).

The generated magnetic field can then interact with the parts to be welded and the susceptor

(heating element). Two major heat dissipation mechanisms are available for induction

welding:

e Eddy currents in electrically-conductive materials, which can be induced in an
electrically-conductive susceptor at the interface (Figure 1.11a). This mechanism is

presented in section 1.3.1. Eddy currents can also be induced directly in the adherend
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itself (Figure 1.11b). This is called susceptor-less welding and is described in section
1.3.2.
e Hysteresis losses in magnetic materials, which occur in the magnetic susceptor located at

the joining interface (Figure 1.11c). This type of susceptor is presented in section 1.3.3.
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Figure 1.11 Schematic representation of heat dissipation in induction welding: (a) eddy
currents induced in an electrically-conductive susceptor, (b) eddy currents induced directly in
an electrically-conductive adherend, and (c) heat dissipated by hysteresis losses in a magnetic

susceptor

The susceptor material, when one is used, is usually placed between two layers of — or
embedded into — a thermoplastic matrix (chemically compatible with the adherends) to fill
voids and ensure a more intimate contact between the surfaces to be welded (V. K. Stokes,

1989).

The main challenge during induction welding, as in other fusion bonding processes, is to
sufficiently heat up the welding line to allow polymer chain migration through the joining
interface and hence the weld formation, but at the same time avoid overheating the polymer,

to prevent thermal degradation and laminate deconsolidation.

Induction welding is a reliable (Troughton, 2009a) and fast process (Yousefpour et al., 2004)
which can be automated and adapted to complex geometries (V. K. Stokes, 1989). As for
other methods, the presence of the heating element adds some polymer at the interface. This
extra material can help fill in the voids resulting from surface roughness of the welded parts,
hence resulting in better mechanical properties (V. K. Stokes, 1989). However, in continuous

induction welding, the pressure is not applied where the temperature is at its maximum (just
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below the induction coil), but a few centimeters farther, where the pressure roller is located
(Bayerl et al., 2014; Mitschang et al., 2002; O’Shaughnessey et al., 2016; Pappada et al.,
2015). The parts must then be overheated below the coil to have a sufficiently high
temperature when pressure is applied on the welding line. The alternative method consists in
applying pressure on the parts by placing them in a vacuum bag (Mahdi et al., 2003). This
ensure a continuous and homogeneous pressure on the welding surface area but is limited as
the maximum applicable pressure is 0.1 MPa, which is inferior to the required pressure for

welding discussed in 1.1.3.1.

1.3 Susceptors

1.3.1 Electrically-conductive susceptors — Eddy currents

1.3.1.1 Heat dissipation mechanism

When an alternating magnetic field B is applied to an electrically-conductive material, an

electric field E is induced in it, according to the Maxwell-Faraday’s law:

L, 0B (1.13)
VXE=——
ot

This electric field creates loops of current in the material, known as eddy or Foucault
currents. The movement of the electrons in the conductive material dissipates heat through
the Joule effect. These eddy current loops themselves induce a magnetic field in the opposite
direction to the applied field. Nagel proposed an expression (Equation (1.14)) to link these
two opposed fields (Nagel, n.d.):
V2B, + k*B, = —k*B, (1.14)
with E being the applied magnetic field, E; the induced magnetic field and k defined as:
k= /—jwpeoe (1.15)
with w being the radial frequency (w = 2mf), uo the vacuum magnetic permeability and o,

the electrical conductivity of the material.
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The power dissipated by these induced currents can be derived from Equation (1.14) by
expressing the related current density with the Ampere law (Equation (1.16)) and the
corresponding power losses (Equation (1.17)):
VB, = o] (1.16)
1. 1, -2 (1.17)
Puoss = | =T Jav = [ —|T|" av
with f * being the complex conjugate of the current density vector f . The product of f and f *

-2
gives the square of the amplitude of the current density | Ji | . This is a real number

representing power density per unit volume in the conductor.

Equation (1.17) is a general expression valid for various geometries and magnetic field. In
the case of induction welding, the heat is dissipated in a thin layer and the applied field is
sinusoidal. The power P, dissipated by the eddy currents is expressed by Equation
(1.18) (Bertotti, 2001):
B @ (1.18)
6
with d being the thickness of the conducting element, B the amplitude of the applied

Pey d?B*f?

magnetic field and f its frequency.

1.3.1.2 SKkin effect

The presence of an alternating current in a conductive material causes a phenomenon called
the skin effect. Experiments show that the current density is higher near the surface of a
conducting part (e.g., a wire). There is a radial current density profile, which corresponds to
an exponential decrease of current density and is usually characterized by a parameter called
penetration depth. This corresponds to the depth where the current density has fallen to about

37% of the surface value (Figure 1.12). This is defined as the following equation (Bayerl et

al., 2014; Nagel, n.d.):
1.19
5 = 2 — Pet ( )
WUrloOer  |TTf hrlho
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It should be noted that this equation is valid in the wave regime (high frequency of the

alternating current), such as we, €4 > ay;.

In induction welding, the penetration depth must be greater than the adherend’s thickness
when using an electrically-conductive adherend. If not, only a small amount of heat is
dissipated at the joining interface, which will not be sufficient to melt the polymer and create
a weld. If the adherends are not electrically-conductive, it is the thickness of the susceptor
film that must be smaller than the penetration depth, to ensure that heat is dissipated on both

sides during welding.
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Figure 1.12 Scheme of the penetration depth with varying parameters
Taken from Ahmed et al. (2006, p. 1646)

1.3.1.3 Edge effects

When the induction coil gets close to an edge of a part welded by induction, induced eddy
currents cannot circulate freely in the material and concentrate at the edge. Similar behaviour
is observed when the part to be welded is smaller than the induction coil, as depicted in
Figure 1.13 (Ahmed et al., 2006). The resulting temperature increase caused by induction

heating is altered, with higher recorded temperatures towards the edges where the currents
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loops are concentrated. This phenomenon is known as edge effects and is a major issue in

induction welding as is prevents homogeneous heating across the welded surface area.

To minimize this local increase in temperature, different options are suggested. Lin et al.
proposed to modify the coil geometry to adjust it to the welded parts geometry (Lin et al.,
1992). They showed that having an elongated coil rather than a pancake coil resulted in a
more homogeneous heating in the part, minimizing edge effects and avoiding problems in
corners caused by the circular shape of the currents induced by pancake coils. Barazanchy et
al. proposed to take advantage of the anisotropy of a carbon fibre laminate (relying on direct
heating in the laminate, as presented hereafter in 1.3.2 to concentrate heating towards the
center of the part (Barazanchy, Pandher, et al., 2021). By comparing results with heating in
an isotropic copper plate, they showed that the heating behaviour was modified when the coil
was located close to the edge of the part. Finally, Hagenbeek et al. suggested adding an
electrically-conductive material at the edge, in which currents would more favorably
circulate (Hagenbeek et al., 2018). The proposed copper bypass allowed to reduce the edge

effect by avoiding the increased current density at the edge of the laminate.
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Figure 1.13 Induced edge effects caused by a pancake coil in an electrically-conductive
material (top), and resulting temperature profile in the part (bottom)
Taken from Ahmed et al. (2006, p. 1645)
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1.3.1.4 Eddy currents induction welding susceptors

When using electrically-insulating adherends or architectures in which eddy current loops
cannot be induced, a heating element is located at the joining interface to dissipate heat. This
susceptor material must be electrically conductive to allow for the creation of eddy current
loops and dissipate heat by the Joule effect. An electrical susceptor is similar to resistance
welding heating elements, as it takes the form of a metallic mesh, a carbon fibre fabric, or a
conductive film (Dermanaki Farahani & Dubé, 2017; Yarlagadda et al., 2016). The main
difference with resistance welding is the absence of copper connectors on both sides of the

mesh, which are needed in resistance welding to apply current in the heating element.

As explained in 1.3.1.2, the skin effect creates a current density distribution through the
thickness — or along the radius for a wire or a sphere — of a conductive part. The penetration
depth shows how deep the current density, and hence the power dissipation by Joule effect, is
occurring in the piece. In the case of an electrical susceptor film located at the welding
interface, the skin effect can reduce the volume in which energy is dissipated. If the
adherends are not electrically conductive, there is no magnetic shielding caused by induced
eddy currents. However, there is some in the susceptor, therefore its thickness should be
smaller than the penetration depth to ensure a homogeneous heat dissipation inside the

susceptor (Bayerl et al., 2014).

One limitation of heating by Joule effect from eddy currents is that there must be electrical
continuity to allow a highly conductive path inside the susceptor material, which ensures the
creation of current loops in the conductive material. Metallic meshes and carbon fibres fabric
satisfy this need for continuity. For particles dispersed in a polymeric film, the percolation
threshold must be reached to guarantee the presence of a continuous conductive path (Bayerl
et al., 2014; Dermanaki Farahani et al., 2018; Dermanaki Farahani & Dubé¢, 2017). This can
induce a higher weight penalty, but it can also limit the available welding geometries. The

coefficient of thermal expansion (CTE) of the continuous film or the mesh can also create
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residual stresses at the welding interface, as it is usually different than the one of the
adherends. This CTE mismatch can also be a source of failure during thermal cycling,
especially in space applications where parts can experience large temperature variations.
Finally, the presence of foreign material at the joining interface can reduce the mechanical

properties of the weld and be a source of failure of the joint.

1.3.2 Susceptor-less induction welding

Eddy currents can be induced in the composite material itself when electrically-conductive
fibres are used as reinforcement, such as carbon fibres (Ahmed et al., 2006; Bayerl et al.,
2014; Bengtsson, 2006; Mitschang et al., 2002; Moser, 2012; Pappada et al., 2015; Rudolf et
al., 2000). Closed loops of eddy currents can be generated in plain weaves and non-

unidirectional laminates, as shown in Figure 1.14.

Figure 1.14 Idealized loop at a [0,90] interface in a laminate. Current is induced in presence
of a time-varying magnetic field B oriented perpendicularly to the fibre’s plane
Taken from Ahmed et al. (2006, p. 1648)

Three main mechanisms contribute to heat dissipation (Ahmed et al., 2006; Barazanchy &
van Tooren, 2023; Bayerl et al., 2014; Fink et al., 1992; Yarlagadda et al., 2016), as
summarized in Figure 1.15: Joule effect in the fibres, dielectric heating in the polymer region
between fibres, and contact resistance at the junctions of fibres. As presented in Figure 1.15b,

dielectric heating is typically modelled as a capacitor and a resistance in a parallel circuit.
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Heating of the laminate is typically caused by a combination of two or all three mechanisms,
although there is no clear agreement in the literature on the dominant mechanism. Some
papers indicate that contact resistance between fibres is a significant heating
mechanism (Ahmed et al., 2006; Mitschang et al., 2002; Yarlagadda et al., 2002), while
others indicate that it can be neglected compared to fibre resistivity and polymer dielectric
heating (Barazanchy & van Tooren, 2023; Bensaid et al., 2005; Duhovic, Hiimbert, et al.,
2014; Fink et al., 1992).
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Figure 1.15 Heating mechanisms: (a) Fibre heating by Joule effect, (b) dielectric hysteresis
and (c) contact resistance
Taken from Ahmed et al. (2006, p. 1642)

To reduce the complexity of the calculation related to this micro-scale model, considering the
fibres and the matrix separately and their interactions, some researchers proposed to use a
macro-scale model in which the laminate is approximated as an anisotropic homogeneous
electrically-conductive material (Duhovic, L’Eplattenier, et al., 2014; Grouve et al., 2020;
Hoffman et al., 2023; Lionetto et al., 2017; Moser, 2012; O’Shaughnessey et al., 2016). The
electrical conductivity of the laminate is therefore expressed as a matrix with three non-zero
values on its diagonal representing the conductivity both in-plane directions and through the

thickness of the laminate.

The main advantage of susceptor-less welding is that no foreign material is added at the
welding interface. This reduces the impact on the mechanical properties and the risk of
failure during thermal cycling due to CTE mismatch. It also removes the weight penalty of
the susceptor. But there are some important drawbacks. First, as presented, this strategy is

only available when using electrically-conductive fibres in an architecture that allows the
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creation of conductive closed loops. Aramid, natural or glass fibres composites cannot be
joined in this manner, as well as fully unidirectional lay-ups of carbon fibres. It is also
difficult to localize the heat dissipation at the welding interface. The heat will be dissipated
through the whole thickness of the part, which can induce delamination, crack creation or
crack propagation. Because of magnetic shielding due to induced eddy currents, more heat
will be dissipated on the outer adherend surface facing the induction coil than at the joining

interface (Moser, 2012).

To minimize this effect and localize heat dissipation at the welding interface, different
methods are used. First, an air jet nozzle can be added to the setup, blowing air on the outer
surface of the composite adherend to cool it down. The effect of this air jet is to change the
thermal gradient through the thickness of the laminate by reducing the temperature at its
surface, while keeping the same temperature at the joining line (Duhovic, L’Eplattenier, et
al., 2014; Moser, 2012). Another approach is to modify the laminate architecture to control
the heating through the thickness. Worrall and Wise proposed to place insulating layers (like
glass fibres for examples) between non-parallel unidirectional CF plies, which limits the
generation of eddy currents and reduces the heat dissipation (Wise & Worrall, 2014; Worrall
& Wise, 2014). This is done only in the top adherend, which is experiencing the unfavorable
heating gradient, to minimize overheating of its outer surface. Alternatively, Becker and
Mitschang suggested varying the architecture of the laminate through the thickness, placing
layers generating more heat closer to the welding line (Becker & Mitschang, 2022). The
optimized laminate structure resulted in a more localized heating at the joining interface,
eventually exhibiting a higher temperature in the weld than on the outer surface of the

adherend.

1.3.3 Magnetic susceptors — Hysteresis losses

As presented in Figure 1.11, susceptors can also rely on a magnetic mechanism, called
hysteresis losses, to dissipate heat at the welding interface. Ferromagnetic materials, such as

iron (Fe), cobalt (Co) or nickel (Ni), are composed of microscopic zones called magnetic
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domains. In a magnetic domain the magnetization is oriented in the same direction, as if the
ferromagnetic material were made of thousands of microscopic atomic magnets oriented in
the same direction. Typically, for several numbers of magnetic domains their magnetization
directions are randomly oriented, so the overall magnetization of a sample can be equal to
zero. In the case of magnetic nanoparticles, they can be single-domain particles if their
diameter is close to or smaller than the average magnetic domain size (typically between 50
and 100 nm (Krishnan et al., 2006)). These particles can absorb the energy and release it due
to the magnetization reversal in the single domain (Dutz et al., 2007; Dutz & Hergt, 2013;
Kneller & Luborsky, 1963; Krishnan et al., 2006; J. S. Lee et al., 2015; Merup et al., 2011).

In this work, multi-domain particles in the pm range are used.

1.3.3.1 Magnetic hysteresis in multi-domain materials

Between every magnetic domain, there is a frontier region, called the domain wall, in which

the orientation of the magnetization changes gradually from one domain to the neighbouring

one. Under an applied magnetic field H, which is pointing to one direction, the overall
magnetization of the part will increase in a similar direction. To do so, the magnetic domains
with a similar orientation as the orientation of the field will grow at the expense of the others.
This is done through a displacement of the domain walls. During displacement, the walls
encounter impurities or crystal imperfections, which block the progression and require extra
energy to pass them (Chikazumi, 2009; Spaldin, 2003). Hence, the applied field needs to be
increased to overcome the impurity and to continue the growth of favorably oriented
domains. This growth of magnetic domains at the microscopic level can be measured at the
macroscopic level by recording the change in magnetization of the ferromagnetic material

when a magnetic field is applied.

In a ferromagnetic material the magnetization M is non-linear and irreversible (Coey, 2010),
as it can be visualized in the hysteresis curve in Figure 1.16. As the field H applied to an

. .o, . . . . . . . . — .
initially unmagnetized ferromagnetic material increases, its magnetization M increases too,

following the initial magnetization curve (Bertotti, 1998). After reaching a maximum value
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of magnetization, called saturation (or spontaneous) magnetization M, that occurs at the
saturation field value Hg, the magnetization ceases to progress. This means that all the
magnetic domains are aligned with field H. When the applied field is decreased back to 0, the
magnetization M remains at a positive value, called the remanence M,., located between 0
and My , as visible in Figure 1.16. At this point, all the domains that were similarly oriented
at the saturation need to start turning, which requires energy and a field of opposite direction.
To bring the magnetization Mto0,a negative magnetic field must be applied (a negative
value means that the field is in the opposite direction). This is completed when the applied
field H reaches the value of —H_. This value H, of the field H is called the coercivity. If the
field H goes to larger negative values, the spontaneous magnetization can be reached in the
opposite direction, taking then a value of —M,. At that point, every single magnetic domain
is oriented in the opposite direction as previously. As it appears clearly in Figure 1.16, this
delay in the magnetization response happens both when the field H is increasing and

decreasing, creating the major hysteresis loop.
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Figure 1.16 Schematic of the typical M-H hysteresis loop of a ferromagnetic material. The
initial magnetization curve corresponds to the magnetization of a material initially in an
unmagnetized state

There are two main types of magnetic materials which exhibit different hysteresis loops. Soft
magnets do not require a lot of energy to be magnetized and demagnetized, because of their
low coercivity H., typically lower than 1000A/m. Their hysteresis loops are narrow, which
leads to minimal heat losses, while their magnetic susceptibility and permeability are high.
They are used to make temporary magnets, as they cannot retain their magnetism when the
applied magnetic field H is removed. On the other hand, hard magnets possess a high
coercivity value (>50000A/m) and exhibit large hysteresis loops. Hence, a larger magnetic
field amplitude is required to magnetize them. However, they retain their magnetization well
to make permanent magnets. In addition, due to their large hysteresis, the magnetic energy
and heat losses (through eddy current and hysteresis losses) are higher than in a soft

magnet (Coey, 2010).
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The magnetic field B is linked to H and M by the following expression (Spaldin, 2003):
B = uo(H + M) (1.20)
This expression is valid using SI units. The magnetic permeability of vacuum g, is a constant

and is equal to 47 - 10”7 H/m. Following Equation (1.20), the hysteresis curve can be plotted

— — = — .
as M versus H or B versus H. The remanence M, corresponds to a zero H-field, so it can be

stated that M, = uyB,.

When undergoing a complete hysteresis loop, a magnetic material absorbs a fraction of the
electromagnetic energy and releases it into heat. This energy is defined as the absorbed
energy density E, and is equal to the enclosed surface area of the hysteresis loop, as
presented in Equation (1.21). Under a time-varying magnetic field, the magnetic material
experiences hysteresis loops at a high rate — a frequency 1 kHz meaning 1000 times per
second — and is locally dissipating a small amount of heat during the completion of every
hysteresis loop. In the case of a magnetic susceptor made of dispersed magnetic particles, this
dissipated energy will heat up the surrounding thermoplastic polymer matrix through heat
conduction. Using magnetic materials as susceptor is therefore interesting as it can promote

heat dissipation for induction welding.

The absorbed energy density Ej for one complete hysteresis loop and per volume unit of
material is defined as:
By = [ HdB = o [ i (1.2
This is the basic equation behind the phenomenon of magnetic heating by hysteresis losses. It
is important to note that the value of E}, depends on the applied field amplitude, as discussed
in 1.3.3.2. The dissipated power per unit volume corresponds to the absorbed energy density
Ej, multiplied by the frequency f:
P, =f"-Ep (1.22)
The complete hysteresis curve is usually not available in the literature or in material technical
datasheets. Instead, only the second quadrant (top left in Figure 1.16, where H<0,MorB >

0) may be provided. This curve is often sufficient to obtain relevant information such as the
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remanence and the coercivity of a given material. It is also in this quadrant where the

maximum energy product BH,,,, is calculated, corresponding to the highest value of the

product of B and H along the hysteresis curve. This property is used to define the maximum
amount of magnetic energy that a magnet can store (the “magnetic strength”). With this
value, it is possible to evaluate the magnitude of the full hysteresis of different materials.
However, this is not sufficient to obtain the value of E; under various applied field
amplitudes. Therefore, characterization of the magnetic hysteresis of the material is required

to access to this information.

1.3.3.2 Minor hysteresis loop

A hysteresis loop is completed when applying an alternating magnetic field with an
amplitude H,, large enough to reach the saturation magnetization (H,, = Hy). This is also
called the major loop. If the amplitude of the applied field is smaller (H,, < H), saturation is
not reached but the material is still experiencing a smaller hysteresis, which is called a minor
loop (Figure 1.17). Such minor loops are enclosed within the major loop, and they usually
exhibit a similar shape (oval with tipped extremities). The line connecting the tips of the
successive minor loops represents the initial magnetization curve (Figure 1.16 and Figure

1.17).
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_BS

Figure 1.17 Scheme of a B-H hysteresis loop of a ferromagnetic material. When the applied
field amplitude is smaller than saturation, the magnetization is interrupted (at point a) and a
minor hysteresis loop is formed. The minor loop is enclosed in the major loop
Taken from Spalin (2003, p. 18)

1.3.3.3 Heat dissipation equation

The power dissipated through hysteresis losses per unit volume of material can be expressed
following the Steinmetz law (Landgraf et al., 2008; Steinmetz, 1984), presented in Equation
(1.23). It is only valid in the narrow field range, which means at fields significantly lower
than the saturation field (H,, < Hy).

Po=f "Epn=k f Bpnax® (1.23)
This expression is correct for certain materials but must be generalized to fit more materials.
The following expression was proposed to be adapted to different materials (Muhlethaler et

al., 2012):
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Po=f En =k f* Bpa' (1.24)
with f being the time-varying applied magnetic field frequency, B, the peak value of
magnetic field — or flux density — reached by the susceptor material, and k, a and [ factors
related to the magnetic properties of the susceptor material. This expression is only valid for

sinusoidal flux density B.

Equation (1.24) is applicable in induction welding as the current generated by the power
source and circulating through the coil is sinusoidal, as well as the applied magnetic field. In
the case of a non-sinusoidal excitation, the improved generalized Steinmetz equation (iGSE)
must be used (Muhlethaler et al., 2012). This equation is valid only in iso-thermal process,
because as the magnetization is not linear with temperature, B,,,,, might also not be linear as
the temperature increases. Therefore, minor loops can be measured experimentally at
different temperatures to determine the value of E;, and estimate the heating power of the

material.

Another approach proposed by Wetzel and Fink is to observe the major hysteresis loop
corresponding to the full magnetization of the magnetic material (Wetzel & Fink, n.d.). The
area of this loop corresponds to the maximum energy that can be dissipated by the material,
if a sufficiently high magnetic field is applied to it. The paper defines these values as Ej¢ for
the saturation absorbed energy density of the complete hysteresis and H for the saturation
field applied to reach the saturation magnetization. They also assume that minor loops
obtained by applying a smaller field H,,, smaller than the saturation field (H,, < Hy) keep the
same shape as the major loop, but only with a proportionally smaller surface area. They

hence dissipate less energy into heat.

It is possible to link the absorbed energy density Ej for a minor loop under an applied field
H,, to the major loop Ejs reached with a saturation field Hg by using the following
expression proposed by Wetzel and Fink:

H_m>2 (1.25)

Ph=f'Eh=f'Ehs(H
S
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This is valid if the applied field is smaller than the saturation field (H,, < H;). When
H,, > H, the absorbed energy density cannot exceed that of complete hysteresis, regardless
of the magnitude of the applied field. In this case, Equation (1.25) simply becomes Ej, = Ej;.
It is also important to note that this is an approximation used to predict the absorbed energy
density at a given field H,, while knowing the saturation hysteresis parameters Ejs and H.
Like for the Steinmetz approximation, it is only valid at low fields (H,, < Hj), far from H;.
Experimental curves do not follow a quadratic behaviour up to the saturation, requiring more
detailed characterization when applying a magnetic field amplitude located in that range. It
appears that there is no model to predict the Ej, versus H, curve when the applied field
approaches H;. This curve must then be obtained experimentally by repeating hysteresis

measurements at various field amplitudes.

1.3.3.4 Curie Temperature

When magnetic materials heat up, their magnetic properties and their efficiency are reduced.
This reduction in the magnetic properties is related to the Curie temperature, T,. Above this
temperature, a ferromagnetic material loses its ordered magnetic state and becomes
paramagnetic. The intrinsic saturation magnetization does not drop suddenly when reaching
T,, instead it decreases when approaching that temperature, as presented in Figure 1.18. This
is reversible, as the material recovers its magnetic properties when cooled below T..
Typically, when reaching 90% of T, (in Kelvin), the remaining maximum magnetization is
about 50% (Coey, 2010; Vinum et al., 2018). The Curie temperatures of magnetic materials
are well-documented in the literature (Chikazumi, 2009; Coey, 2010). Consequently, the
absorbed energy density of the magnetic material also decreases with increasing temperature,

which will impact the heat generation as explained in 1.3.3.5.
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Figure 1.18 Spontaneous magnetization of nickel. The Curie temperature of nickel is 628K,
marked as T,
Taken from Coey (2010, p. 9)

1.3.3.5 Hysteresis losses susceptors

Hysteresis losses susceptors take advantage of the heat dissipated when ferromagnetic
materials are subjected to a time-varying magnetic field. Typically, a susceptor material takes
the form of ferromagnetic particles dispersed in a thermoplastic matrix (Bayerl et al., 2012;
Sanders, 1987; Suwanwatana et al., 2006a). The thermoplastic polymer is chosen to be

similar or compatible with the two interfaces to be welded.

Wetzel and Fink determined the equation for the heating rate of a susceptor relying on

hysteresis losses (Wetzel & Fink, n.d.):

ar _ - AP - (1.26)
Ezf h ,DCp+ v_f_ PCp

with p and ¢, being the density and the specific heat capacity of the particles, respectively,
Ej, the energy dissipated, vy the volume fraction of particles in the polymeric matrix, g and

¢p the density and the specific heat capacity of the matrix, respectively, and f the frequency
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of the time-varying field applied to the particles. As discussed, E; depends on the applied
field amplitude H,,.

The heating power of various ferromagnetic particles susceptors was investigated by Wetzel
and Fink (Wetzel & Fink, n.d., 2001), who defined Equation (1.26). They explored the
theoretical heating capability of Ni, a hard ferrite (Strontium-ferrite) and a soft ferrite
(Nickel-zinc-ferrite). Based on this work, Suwanwatana et al. used Ni particles ranging from
79 nm to 22 pum in size into polysulfone (PSU) to demonstrate the feasibility of hysteresis
heating and its application to weld polyphenylene sulfide (PPS) based composites
(Suwanwatana et al., 2006a, 2006b). Bae et al. conducted a similar study and measured the
heating capability of Fe particles (8 to 74 um) dispersed in thermoplastic polyurethane (TPU)
adhesives (Bae et al., 2015). These two materials were also present among the different
particulate materials (carbon black, magnetite (Fe3O4), Ni and Fe) that Bayerl et al. explored
when mixed with high-density polyethylene (HDPE) (Bayerl et al., 2012). Finally, Stokes
used Emaweld products without disclosing the nature of the ferromagnetic particles dispersed
in various thermoplastic matrices (V. K. Stokes, 1989). They all concluded on the susceptor
material efficiency based on experimental results. In summary, the reported results are valid

for a given thermoplastic matrix and a specific induction heating setup.

The Curie temperature of the magnetic susceptor can be used advantageously to implement a
temperature-control feature in the material (McGaffigan, 1994; Suwanwatana et al., 2006b;
Wetzel & Fink, n.d.). If the T, is larger than the melting point or glass transition temperature
of the polymer, but below its degradation temperature, the susceptor will inherently be
unable to overheat and burn the material. Due to the loss of magnetic properties when
approaching T, the susceptor will stop heating before reaching degradation, and will instead
maintain its temperature. If this temperature falls into the welding temperature range, this can
improve the control and quality of the weld (Wetzel & Fink, n.d.). Unfortunately, the Curie
temperature of ferromagnetic materials varies from a few dozen to over 1000 K. Finding a
susceptor material exhibiting a T, within the desired temperature range, while also offering

large heating capability, i.e. a large magnetic hysteresis, can result in a very limited choice of
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materials, or even be impossible. However, the Curie temperature of materials can be
adjusted by tuning alloy composition. By varying the composition of Ni, Fe or Cr for
example, the Curie temperature can be shifted by hundreds of degrees (Goncharov et al.,
2024; Milone et al., 1982; Wei et al.,, 2014). But one must ensure not to lose heating

capability by adjusting the Curie temperature to match the desired welding temperature.

1.4 Composite sandwich structures

Sandwich structures are widely used in applications where the demand for lightweight
structures is critical, like in the aerospace industry, because of their high bending stiffness
and low weight (Herrmann et al., 2005). They are made of two main elements: a low-density
part called the core, surrounded by high-stiffness plates called skins or facesheets (Castanie
et al., 2020; Hoff & Mautner, 1998). The skins are assembled with the core to transfer the
loads and ensure the structure’s integrity (Zenkert, 1997). The core is typically subjected to
transverse shear stresses while normal stresses will occur in the facesheets (Butukuri et al.,
2012). These structures may also provide other advantages like acoustic and vibration
dampening, as well as low thermal conductivity (Butukuri et al., 2012; Griinewald et al.,

2017a; Kindinger, 2001).

1.4.1 Geometries and materials

Sandwich structure cores can be classified into three main categories: foams, honeycomb
cores and corrugated cores, as presented in Figure 1.19. There are also hybrid structures, such
as foams reinforced by a corrugated structure (Birman & Kardomateas, 2018), and more
exotic geometries, based on meshes (Birman & Kardomateas, 2018; Johnson, 2008; Yixiong

et al., 2020).
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(a)

(b)

Figure 1.19 Main sandwich structures core geometries. (a) corrugated (b) foam (c)
honeycomb
Taken from Griinewald et al. (2017b, p. 441)

Foam cores are generally made of polymer. Honeycomb cores can be made of kraft paper,
metal, thermoplastics or fibres reinforced composites (Kindinger, 2001). The material choice
impacts the mechanical properties of the sandwich structure, as well as the final cost of the
panel. The performance of the core depends on several parameters (strength, stiffness, energy
absorption, impact, fatigue, abrasion resistance, etc.). Aluminium honeycomb cores are
widely used in the aerospace industry for their excellent price-to-performance ratio. Plastic
honeycomb cores, though they exhibit lower relative performance, are also interesting

because they offer better thermal insulation properties (Kindinger, 2001).

Recently, honeycombs manufactured by additive manufacturing — or 3D-printing — have been
reported (Pollard et al., 2017). This process allows to build thermoplastic honeycomb cores

with geometries ranging from classical hexagonal cells to complex shape such as re-entrant
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cells or origami-based structures. Sugiyama et al. reported using continuous carbon fibre-
reinforced thermoplastic filaments to print various cell geometries, from hexagonal to
rectangular and circular (Kindinger, 2001; Sugiyama et al., 2018). They used the fused
filament fabrication (FFF) method, in which a filament of polymer is molten and extruded to
be deposited at its final position, allowing to build 3D structures layer-by-layer. Lu et al.
presented different types of grid structures (Lu et al., 2018), and Hou et al. proposed a spline
corrugated-core using FFF to increase the compression strength while keeping the weight of
structure low (Hou et al., 2018). 3D-printing also allows varying the profile of cellular cells
through the thickness of the structure, as shown by Townsend et al. with their origami
honeycomb cores (Townsend et al., 2020). This structure presents higher impact absorption
properties due to its specific buckling behaviour. Duchesne et al. proposed to optimize the
cells distribution based on Voronoi patterns in a 3D-printed honeycomb core to reduce the
sandwich panel’s mass while increasing its stiffness (Duchesne et al., 2023). Alshear et al.
have used the selective laser sintering (SLS) method, in which fine layers of powder are
progressively added to the structure and polymerized with a laser in selected areas, to
produce complex core geometries in polymer materials, such as re-entrant cells, pyramids or

gyroid structures (Alshaer & Harland, 2021; Harland et al., 2019).

Sandwich skins are plates of variable thickness, depending on the overall sandwich thickness
and the desired mechanical properties. They generally are made of aluminium or fibre
reinforced polymer composites (usually with thermoset matrix). Fibres can be glass, aramid

or carbon for high-performance parts.

14.2 Skin-to-core joining

The bond between the core and the two skins is a critical parameter in the manufacturing of
sandwich structures. Its quality is decisive to ensure good mechanical properties of the
sandwich structure. The bond is usually done by adding an adhesive layer at the interface
between the two components, as presented in Figure 1.20 (Banea & da Silva, 2009; Butukuri

et al., 2012; Castanie et al., 2020; Kratz, 2010; Nettles, 2006; Park et al., 2014; Widagdo et
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al., 2020). By heating up the panel, the adhesive cures and joins the core and the skins. This
method presents the advantage of being simple and relatively cheap. The drawback is that it
is labour-intensive and time-consuming due to the required surface preparation and the
curing time. Another technique is to stack the composites prepreg layers and the adhesive
film directly on the core structure and to cure everything together in a vacuum bag in the

oven (Butukuri et al., 2012; Kratz, 2010; Zenkert, 1997).

-
o
o
o

Skin -
Adhesive W
Core
Adhesive
Skin

Figure 1.20 Scheme of the sandwich skins to core assembly using adhesive film

When it comes to the space industry, major drawbacks appear when using adhesives. The
materials used often outgas, which must be avoided as the evaporated molecules can
condensate on critical equipment such as lenses or electronics. In the case of honeycomb
structures, vacuum could lead to an excessive pressure inside the cells and consequently a
risk of explosion and damage of the structure. The CTE of an adhesive film is generally
larger than that of the skins and the cores, which can induce residual stresses in the structure

during large thermal cycle characteristic of space operations.
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1.4.3 Thermoplastic sandwich structures

Thermoplastic composite sandwich panels were recently proposed to replace metallic and
thermoset composite sandwich parts (Astrom et al., 1998; Ma & Elkin, 2021; Skawinski et
al., 2004). These all-thermoplastic sandwich structures, like other thermoplastic composite
parts, present high fracture toughness and impact resistance, short processing time, and offer
the potential to be repaired or recycled (Barroeta Robles et al., 2022; Pegoretti, 2021). 3D-
printed thermoplastic honeycombs, as mentioned in 1.4.1, are good candidates for sandwich
cores. For the sandwich facesheets, fibre reinforced thermoplastic composite laminates can
be used. Assembly of thermoplastic composites parts using thermoset adhesives offers poor
mechanical properties (Griinewald et al., 2017b). Extensive surface preparation procedures
and long curing cycles are needed to reach optimal performances, as mentioned in 1.1.1
(Ageorges et al., 2001; Park et al., 2014). The resulting strength is usually still limited
because of the chemical incompatibility between thermoplastic and thermoset polymers.
Therefore, it is necessary to explore other joining techniques to assemble thermoplastic
composites skins efficiently and safely with thermoplastic core structures. As mechanical
fastening is clearly not adapted to the sandwich structure geometry, thermoplastic welding

techniques are interesting to be investigated as a solution.

To manufacture sandwich structures by thermoplastic welding, it is required to melt the
thermoplastic polymer at the skin-core interface to weld it. This process can by conducted in
two ways: isothermally, where the pressure is applied during heating of the parts, and non-
isothermally, where the parts are first heated, then transferred to a secondary device in which
pressure is applied to consolidate the parts together (Skawinski et al., 2004). The control of
the temperature and the applied pressure can be done in various ways, depending on the

selected assembly method.

Different techniques have been reported to assemble skins and cores by thermoplastic
welding, as reported in Figure 1.21. The first one is vacuum moulding, where the parts are

placed in a vacuum bag. The consolidation pressure is applied on the parts by pulling the
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vacuum. The assembly can be done in an oven (isothermal process) or the parts can be heated
in an oven, then transferred in a vacuum bag for consolidation (non-isothermal process).
Isothermal heating of the sandwich structure is almost impossible because the core loses its
mechanical properties at elevated temperatures, making it prone to collapse under the applied
pressure (Griinewald et al., 2018). In non-isothermal vacuum moulding, the critical
parameters are the skins’ preheat temperature and the speed at which the parts are transferred
to the vacuum bag and the pressure is applied (Brooks et al., 2008). The temperature lost
during transfer implies overheating the skins to maintain enough heat when reaching the
welding step. This can lead to deconsolidation of the laminates, therefore limiting the use of

this method.

Compression moulding of sandwich structures is similar to vacuum moulding, but instead of
applying pressure with vacuum, a hot press is used (Griinewald et al., 2017a; Latsuzbaya et
al., 2023; Rozant et al., 2001). The advantage is that the press can reach much higher
pressures and can also heat up the parts. This method showed good results but faces the same
challenges and limitations as vacuum moulding, not counting the fact that higher pressure
increases the risk of core crushing. The main advantage is that the transfer from the oven to

the press can be more easily automated, faster, and therefore reduce the heat losses.

Double-belt lamination is a continuous process in which parts are assembled, then guided
through heating elements by two belts (Pflug et al., 2001; Trende et al., 1999; Xinyu et al.,
2009). The heat is brought to the welding interface by conduction through the skins. The

parts temperature must be continuously monitored to avoid core crushing.

Another technique only adapted to foam cores is in sifu foaming, which consists in
developing the foam core from a film directly between two facesheets during the assembly
process (Beukers, 1992). .Finally, hot-melt adhesives can also be used (Cabrera et al., 2008).
Their process is somewhat similar to welding, except that they can be bonded at lower
temperatures, if surface compatibility is acceptable (Pappada et al., n.d.). These adhesives are

also used to join dissimilar materials (Ageorges et al., 2001).
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Figure 1.21 Summary of the different assembly techniques for thermoplastic sandwich
structures
Taken from Griinewald et al. (2017b, p. 443)

In all these techniques, the main challenge is to reach the required skin/core interface
welding temperature. It must be high enough to allow for chain mobility to weld the
thermoplastic polymer. This corresponds to the thermoplastic processing temperature and is
higher than the temperature required for thermoset adhesive curing. But at that temperature,
the core is also softened if it is also made of similar polymer material, making It unable to
sustain the applied pressure without crushing. Composite laminates can also experience
deconsolidation if they exceed their melting point without sufficient pressure applied on

them.

When the heat source is located outside of the sandwich structure, the skins or the core are
heated through their thickness, which makes them face these critical issues. Localising heat
dissipation at the joining interface, instead of across the totality of the structure, could solve
the problem. It is therefore interesting to explore more localised thermoplastic welding

techniques.
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144 Skin/core welding

Griinewald et al. proposed a solution to the issue. They presented a method to join CF/PEEK
skins to a PEI foam core using a non-isothermal (two-step) compression moulding
process (Griinewald et al., 2017a, 2018). In order to perform the weld at a lower temperature,
reducing the risk of core crushing and laminate deconsolidation, a PEI layer is co-
consolidated on the CF/PEEK skins, following the Thermabond process presented in 1.1.5.
Then, the skins are heated up in an oven, quickly transferred to a press to minimize the heat
losses (evaluated at 1°C/s [19]) and placed on the core. Pressure is applied to consolidate the
bond during the cooling, which makes it a non-isothermal process. The steps are schematized
in Figure 1.22. This process requires additional preparation steps but presents the interest that
the temperature is lower during the second step when the pressure is applied on the core. This
is critical to achieve good properties of the structure when using thermoplastic welding. The
limitation of this work is that, to obtain the best skin/core strength, the core must be heated

up before being welded to the skins, increasing therefore the risk of core crushing during the

process.
TP composite (CF/PEEK) Heat & Pressure TPC skin with superficial TP enrichment
TP film (PEI) T5 T componite Interdiffusion of molecules
TPC skin with superficial TP enrichment
‘ TPC sandwich

Heat & Pressure

»

T < Tg, corecenter

Interdiffusion of molecules

L 1 7o core surfoce < Tskin <Tm skin

TP core (Foam or Honeycomb)

Figure 1.22 Scheme of the skin-to-core fusion bonding process proposed by Griinewald et al.
The intermediate steps of heating up the skin in the oven and quickly transferring them to the
compression mould are not shown here
Taken from Griinewald et al. (2017a, p. 3)
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1.4.5 Skin/core strength characterization methods

Three major testing methods for the skin/core strength are reported in the literature. These
methods are typically applied to adhesively bonded sandwich panels but can also be used to
characterize welded sandwich samples. Flatwise tensile (FWT) tests are widely used and are
reported in various studies (Butukuri et al., 2012; Park et al., 2014; Widagdo et al., 2020;
Griinewald et al., 2018; Hegde & Hojjati, 2019). They consist in testing the interface strength
in traction, by pulling on the skins perpendicularly to their surface. To do so, metal blocks
are adhesively bonded to both sides of the 50 mm-wide square sandwich sample. These
blocks act as connectors to the tensile machine through a system of bolts and pivots (Figure
1.23). The preparation is easy, and requires small specimens compared to other methods. The

standards for this test are the ASTM C297 or the DIN53292.
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Figure 1.23 Flatwise tensile testing setup after DIN53292
Taken from Griinewald et al. (2018, p. 807)




53

The second method is called the double cantilever beam (DCB). Different variations exist in
the literature, with traction being applied by hinges or wires, with or without stiffening plates
on the skins to avoid early cracking of the peeled skin (Nettles, 2006; Weidmann et al.,
2023). A version with stiffening plates is presented on Figure 1.24. This method requires
bigger samples (three to four times longer than for FWT). Results are also more difficult to
analyze as they depend on more factors like the pre-crack length, the stiffening plates
properties, and the ability to accurately track the crack’s progression. The standard

corresponding to DCB testing is the ASTM D5528.
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Figure 1.24 DCB testing setup. The stiffening plates are visible along the two skins
Taken from Nettles (2006, p. 16)

One last pertinent method also in use to test the adhesion between the skins and the core of a
sandwich panel is the climbing drum (CD), presented in standard ASTM D1781. (Weidmann
et al,, 2023). It measures the force required to peel the skin away from the core. One
advantage of this method compared to DCB is that the crack propagation is not influence by
the rigidity of stiffening plates, and the core experiences less bending. However, the sample
preparation is complex, and it requires a specific test setup (including the drum and the
connectors to the tensile test machine to be applied (Figure 1.25). This method requires the
largest samples among the three presented testing methods (30cm long by 7.5cm wide)

(Nettles, 2006; Park et al., 2014).
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Figure 1.25 Climbing drum testing method scheme. Nettles proposed an alternative clamping
method (on the right side) to avoid the extreme bending of the skin that could break under
those conditions
Taken from Nettles (2006, p. 16)



CHAPTER 2

RESEARCH OBJECTIVES

2.1 Current gaps in the literature

In the prior works presented in Chapter 1 concerning hysteresis losses susceptors, it is
apparent that the selection of the magnetic particles is never clearly explained nor motivated.
The authors present which material they use for their experiments, but no explanation is
provided about why it was selected. The definition of a clear methodology of material
selection depicting how to select optimal magnetic particles depending on the induction
heating equipment and the thermoplastic polymer to be welded is required. This would
provide engineers with guidelines on the material’s selection that can be adapted to their

needs.

Another aspect of hysteresis losses susceptors that needs to be further investigated is the
evolution of the susceptor properties with increasing temperatures. Typically, the density of
materials is reduced, and specific heat is increased at higher temperature. The absorbed
energy density Ej will also be significantly reduced when approaching the Curie temperature
T,. The behaviour at high temperature must be known to predict the heating rate throughout

the whole process and ensure high-quality welding.

More specifically on materials, induction welding of PEEK and PEI high-performance
thermoplastic composites using hysteresis losses susceptors has not been demonstrated.
These polymers exhibit high mechanical properties and high processing temperatures,
making them difficult to join by welding. Hysteresis losses susceptors should be investigated
to determine if they can generate enough heat at the interface to weld parts made of these
materials. Also, the Thermabond process was never used on parts welded by induction. This

approach could help achieve high weld strength without risking part deconsolidation.



56

The assembly of all-thermoplastic sandwich structures by thermoplastic welding with the
methods proposed so far present limitations, mostly due to the use of thermal welding
methods, in which the whole parts are heated up to perform welding. The temperature
processing window to obtain high welding strength while avoiding overheating issues
(facesheet deconsolidation and core crushing) is very small. The opportunity to use other
welding techniques, such as induction welding, to generate heat directly at the joining

interface and limit the increase in temperature in the rest of the parts is promising.

Temperature and pressure control during the welding process is critical and needs to be
studied to obtain a high skin/core strength. Using induction welding to join skins to a
honeycomb core in an all-thermoplastic sandwich panels is unexplored and could be a new
and innovative way to perform that joining step. Depending on the nature of the
reinforcements of the composite facesheets (electrically conductive or not), the heating
mechanism can be adapted, as presented in Chapter 1. Magnetic hysteresis losses susceptor
films placed at the skin/core interface could be used as the heating element to join sandwich

panels, which has never been investigated.

As discussed, sandwich cores can be produced using 3D-printing to satisfy the need for
complex geometries. The deposition of a heating element using the same method has never
been explored. The discontinuity of the filler in hysteresis losses susceptors, compared to
other continuous heating elements such as meshes, offers the possibility to produce susceptor
in a printable filament form, and deposit it by 3D-printing to adapt to the core geometry. This
takes advantage of the versatility of both the additive manufacturing method and the
magnetic hysteresis losses susceptors made of distributed, properly selected magnetic

particles.

2.2 Objectives

Based on the gaps observed in the current state of the art and the requirements of the project,

the general objective of developing and testing a novel method to assemble composite
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facesheets to a honeycomb core using induction welding, to produce all-thermoplastic,
adhesive free sandwich panels, is defined. To reach that general objective, the following sub-
objectives are defined:

1. Propose a material selection methodology for induction welding hysteresis losses
susceptors, based on the thermoplastic polymer processing temperature and the
magnetic properties of candidate ferromagnetic particles.

2. Develop a method to inductively weld sandwich panels made of GF/PEEK facesheets
and a 3D-printed PEI honeycomb core using hysteresis losses susceptors.

3. Manufacture the hysteresis losses susceptors as 3D-printing filaments and validate
their printability and weldability.

4. Apply the induction welding method developed for sandwich panels to samples made

of CF/PEEK facesheets to validate the method’s adaptability to other materials.

2.3 Content of chapters 3 to 7

The content of the following chapters is linked to the identified objectives. Chapter 3 is
composed of a journal paper presenting a methodology for the material selection of magnetic
particles in hysteresis losses susceptors. Chapter 4 focuses on applying this methodology to a
specific thermoplastic polymer (PEI) and characterize the resulting susceptor. Chapter 5
presents a second journal paper introducing a method to assemble skins to core in
thermoplastic sandwich structures by induction welding under vacuum, using the susceptors
developed in Chapter 4. Then, Chapter 6 proposes to replace susceptor films by 3D-printed
susceptor layers, directly added to the honeycomb core. The development, production, and
characterization of the susceptor filament is presented, followed by its deposition on
honeycomb cores. These cores are welded to sandwich skins and characterized to validate the
welding capability of the printed susceptor. Finally, Chapter 7 includes a third journal paper
exploring the use of the vacuum induction welding method introduced in Chapter 5 to weld
CF-based skins to honeycomb cores. Instead of using susceptor materials, the heat is directly
dissipated inside the conductive carbon fibres, following the susceptor-less welding

technique.
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3.1 Abstract

Induction welding is a fusion bonding process relying on the application of an alternating
magnetic field to generate heat at the joining interface. This study investigates magnetic
hysteresis losses heating elements, called susceptors, which are made of magnetic particles
dispersed in a thermoplastic polymer. We propose a methodology to identify the parameters
influencing the heating rate of the susceptors and to select suitable magnetic particles for
their fabrication. The applied magnetic field amplitude is modelled based on the induction
coil geometry and the alternating electrical current introduced to it. Then, properties of the
evaluated susceptor particles are obtained through measurements of their magnetic
hysteresis. A case study is presented to validate the suitability of the proposed methodology.
Particles of iron (Fe), nickel (Ni) and magnetite (Fe3O4) are evaluated as susceptor materials
in polypropylene (PP) and polyetheretherketone (PEEK) matrices. Heating rates are
predicted using the proposed method, and samples are produced and heated by induction to
experimentally verify the results. Good agreement with the predictions is obtained. Ni is the

most suitable susceptor material for a PP matrix, while Fe3O4 is preferable for PEEK.
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3.2 Introduction

The growing demand for thermoplastic composites in different fields such as aerospace has
highlighted the need for techniques allowing their reliable and efficient assembly. Fusion
bonding (or welding) offers an alternative to mechanical fastening and adhesive bonding for
joining thermoplastic composites. Welding relies on the capability of thermoplastics to melt
and flow to create a bond under pressure and solidify after cooling (Ageorges et al., 2001;
Brassard et al., 2019, 2021; V. K. Stokes, 1989; Yousefpour et al., 2004). A few processes —
ultrasonic, resistance and induction welding — are of particular interest for the aerospace
industry. Among them, induction welding relies on the conversion of an electromagnetic
field into heat using an implant, or heating element, called a susceptor. It is a fast process
(Yousefpour et al., 2004) which can be automated and adapted to complex geometries (V. K.
Stokes, 1989).

There are two major heat dissipation mechanisms exploited by susceptor materials: eddy
currents and magnetic hysteresis. Eddy currents are induced in electrically-conductive
materials subjected to a time-variable magnetic field (Figure 3.1a). They consist in electrical
current closed loops which dissipate heat by resistive heating, also defined as Joule losses
(Ahmed et al., 2006; Dermanaki Farahani & Dubé¢, 2017; Moser, 2012). When electrically-
conductive carbon fibre-based composites are to be welded, the eddy currents can be induced
directly in the adherends, without the need for a susceptor. Direct heating of the carbon fibre
works best for fabrics, which provide the closed loops required for the eddy currents
generation. When direct heating of the carbon fibre is not possible or if another composite
material is used (e.g. glass fibre-based composites), an electrically-conductive susceptor is
required at the weld interface, as schematized on Figure 3.1b (Dermanaki Farahani et al.,
2018; Dermanaki Farahani & Dubé¢, 2017; Yarlagadda et al., 2016). The two main limitations
of this heating mechanism are the need for continuity in the susceptor to achieve the creation
of current loops and, when directly heating the adherends’ carbon fibre, the magnetic
shielding, which concentrates the electrical currents, and thus heating, close to the outer

adherend’s surface (Moser, 2012).
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Alternatively, magnetic hysteresis exploits the property of ferromagnetic materials to
dissipate heat when subjected to an alternating magnetic field. Magnetic hysteresis is
observed in a susceptor because of the change in the material magnetization; a small amount
of energy is dissipated into heat during every single hysteresis loop through magnetic
hysteresis losses (Bayerl et al., 2014). To exploit magnetic hysteresis in welding (Figure
3.1c¢), the susceptor is typically made of ferromagnetic micro- or nanoparticles dispersed into
a thermoplastic polymer film (Bae et al., 2015; Bayerl et al., 2012; Suwanwatana et al.,

2006a).
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Figure 3.1 Schematic representation of heat dissipation in induction welding. (a) eddy
currents induced directly in an electrically-conductive adherend. (b) eddy currents induced in
an electrically-conductive susceptor. (c) heat dissipated by hysteresis losses in a magnetic
susceptor

The heating power of various ferromagnetic particles was investigated by Wetzel and Fink,
who defined the heating rate equation explored further in this article (Wetzel & Fink, n.d.,
2001). They explored the theoretical heating capability of nickel (Ni), a hard ferrite
(Strontium-ferrite) and a soft ferrite (Nickel-Zinc-ferrite). Based on this work, Suwanwatana
et al. used Ni particles ranging from 79 nm to 22 um into polysulfone (PSU) to demonstrate
the feasibility of hysteresis heating and its application to weld polyphenylene sulfide (PPS)
based composites (Suwanwatana et al., 2006a, 2006b). Bae et al. conducted a similar study
and measured the heating capability of another magnetic material, iron (Fe) particles (8 to
74 um), dispersed in thermoplastic polyurethane (TPU) adhesives (Bae et al., 2015). These

two materials were also present among different particulate materials (carbon black,
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magnetite (Fe3Os), Ni and Fe) that Bayerl et al. explored when mixed with high-density
polyethylene (HDPE) (Bayerl et al., 2012). Finally, Stokes used Emaweld products without
disclosing the nature of the ferromagnetic particles dispersed in various thermoplastic
matrices (V. K. Stokes, 1989). They all concluded on the susceptor material efficiency based
on the experimental results. In these different studies, no proper justification is provided for
selecting one susceptor material over another. In addition, the reported results are valid for a

given thermoplastic matrix and a specific induction heating setup.

The goal of this work is to present a more general methodology to predict the heating
capacity of ferromagnetic particles dispersed in a thermoplastic polymer, for a given
induction heating equipment. To evaluate the heating capability of a susceptor, its initial
heating rate, i.e. the heating rate at room temperature, is considered. A method is proposed to
select a susceptor material with the highest initial heating rate and the ability to reach a pre-
determined temperature corresponding to thermoplastic polymer processing temperature.
This approach is applied to a case study in which three potential ferromagnetic materials (Fe,
Ni and Fe3O4) are evaluated as susceptor candidates. Predicted heating rates are verified

experimentally to assess the suitability of the material selection methodology.

33 Methodology for susceptor materials selection and heating rate prediction

3.3.1 Heating rate equation

Wetzel and Fink proposed a governing equation to express the heating rate of a magnetic

susceptor under adiabatic conditions (Wetzel & Fink, n.d.):

dT 1 A\t 3.1
a T (PCP * (a‘ 1)"%)

with f being the frequency of the alternating magnetic field, Ej the hysteresis absorbed
energy density for an applied magnetic field amplitude, vy the volume fraction of

ferromagnetic particles, p and p, the density of the magnetic particles and thermoplastic
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polymer, respectively, and ¢, and ¢, their specific heat capacities. The terms pc, and pc,
are the volumetric heat capacity of the magnetic particles and thermoplastic polymer,
respectively. Equation (3.1) can be used to predict the heating rate of a given susceptor

material, and hence identify the most efficient ferromagnetic material to use as a susceptor.

3.3.2 Magnetic field generation

The first parameters that must be known for the susceptor material selection are the
frequency, amplitude and shape of the generated magnetic field. These parameters depend on
the material and geometry of the coil and the intensity I and frequency f of the alternating
electrical current circulating in it. The coil is generally a water-cooled copper tube, whose
geometry has a significant impact on the magnetic induction field amplitude (V. K. Stokes,
1989). Various shapes and sizes of coil exist, and they must be chosen to comply with the

application and weld geometry (Pappada et al., 2015; Sanders, 1987; Troughton, 2009a).

The amplitude of the magnetic field applied on the susceptor is referred to as H,,. This
amplitude depends strongly on the distance between the induction coil and the susceptor (i.e.
the coupling distance). The shorter this coupling distance is and the higher the heating rate is.
This distance is typically kept under 10 mm (Bayerl et al., 2012, 2014; Dermanaki Farahani
et al., 2018; Pappada et al., 2015; Rudolf et al., 2000; Suwanwatana et al., 2006a).

The coil material properties and its geometry as well as the electrical current intensity and
frequency are used to calculate the magnetic field amplitude H,, at any point in space and
especially at the joining interface. Finite elements modelling software such as FEMM 4.2 can
be used to that end (Crozier & Mueller, 2016). The H,, value is then used to determine the

absorbed energy density Ej,.
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333 Thermoplastic matrix

The susceptor material is composed of ferromagnetic particles dispersed in a thermoplastic
matrix, which must be selected to be compatible with the composite adherends to be welded
(Sanders, 1987). The glass transition temperature Ty and melting temperature Tm (for semi-
crystalline polymers) of the thermoplastic matrix are obtained by Differential Scanning
Calorimetry (DSC). The specific heat capacity of the polymer can also be extracted from
DSC measurements following the ASTM E1269 standard.

3.34 Ferromagnetic particles

The main part of the susceptor material selection is the choice of the ferromagnetic particles.

The density p and specific heat ¢, of the material must be known. When subjected to an

alternating magnetic field of frequency f, magnetic materials experience a magnetization
whose direction will alternate at a similar frequency. The magnetization of ferromagnetic
materials (e.g. cobalt (Co), Fe, Ni) lags behind the applied field, causing a magnetic
hysteresis visible on the B-H curve (Figure 3.2), with H being the applied magnetic field and

B the magnetic induction of the magnetic material.
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Figure 3.2 Hysteresis curve of a ferromagnetic material (magnetic induction B as a function
of applied field H). The enclosed surface area (in grey) corresponds to the absorbed energy
density Ep

The absorbed energy density per hysteresis loop and per unit volume E}, is determined as:

E, = $ HdB (3.2)
and corresponds to the enclosed surface area (in grey in Figure 3.2) (Vinum et al., 2018). The
magnetic permeability of vacuum p, is equal to 47 - 1077 H m™'. During every single loop of
hysteresis, an amount of energy equal to the absorbed energy density Ej, is dissipated into
heat (Goodenough, 2002). The dissipated power per unit volume is thus obtained by
multiplying the absorbed energy density Ej by the frequency f:

P, = fE, (3.3)
Predicting Ej, for given values of H,, is challenging. It can be done using the Steinmetz
equation (classic and generalized (Goodenough, 2002; Landgraf et al., 2008; Muhlethaler et
al., 2012; Steinmetz, 1984)), although its parameters are defined empirically and it is valid at
low field amplitudes only (i.e. when the applied field amplitude H,, is largely smaller than
the saturation field at which the material reaches its saturation magnetization). The best way

to obtain Ej, versus H,, is through Vibrating Sample Magnetometer (VSM) measurements for
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various field amplitudes and extrapolate the curve from the results (Vinum et al., 2018). If
the experimentally applied field amplitude H,, is known, then only the hysteresis for that
applied field is to be measured by VSM to extract the corresponding value of E; for the

magnetic material.

3.3.5 Curie temperature

Ferromagnetic materials exhibit temperature-dependent magnetic properties. As temperature
increases, the material gradually loses its properties, until it reaches the Curie point (noted
T.) where they disappear (Chikazumi, 2009; Vinum et al., 2018). The Curie temperatures of
magnetic materials are well-documented in the literature (Chikazumi, 2009; Coey, 2010).

Susceptor materials used in induction welding must have their T, above the polymer

processing temperature, as heating of the ferromagnetic particles is interrupted at T,.:

Te particies [K1 > Tprocess,thermoplastic [K] + 10% (3.4)
A 10% margin is suggested as the magnetic properties of the ferromagnetic particles decrease
when approaching T,, leading to reduced heating capabilities. When T = 0.9T,, the
remaining magnetization is approximately 50% of its maximum value (Coey, 2010),

corresponding to the lower limit ensuring efficient heating.

In some cases, susceptor materials can be selected so that T, is above the polymer melting
point but below the polymer degradation temperature. The susceptor is then used as a thermal
control feature capable of melting the polymer and stop heating before degrading it.
Unfortunately, T, of ferromagnetic materials vary over a large range, from a few dozen
degrees to over 1000 K. Finding a susceptor material exhibiting a T, within the polymer’s

processing window is sometimes impossible.
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3.3.6 Methodology summary

The presented methodology is summarized in Table 3.1. As explained, the three main steps
are the characterization of the applied magnetic field using a finite element modelling
software, the thermoplastic polymer thermal and physical properties using DSC and material
technical datasheet (TDS), and the magnetic particles magnetic, thermal and physical
properties using VSM measurements and material TDS. The Curie temperature of the
evaluated magnetic particles must satisfy the criterion presented in Equation (3.4). Once all

the required parameters are characterized, the heating rate can be predicted using Equation
(3.1).

Table 3.1 Susceptor material selection methodology summary

1. Magnetic 3. Magnetic
2.Th lasti 1
field ermoplastic polymer particles
Parameters to H,.f T, (orT,). T 5 ¢ E o T v
define/characterize mo» m g/> iprocess» P, P hs P> p> tcs Vf
M tic field
Method aghetic e DSC, TDS VSM, TDS
modelling
T criterion - Tc,particles [K] > Tprocess,thermoplastic [K] + 10%
! l }
Heating rate dT £ 1 e -
prediction dt fEn\Pp + v_f )P
34 Case Study

Three potential ferromagnetic materials for an induction welding susceptor film are evaluated
as a case study, following the presented methodology (Table 3.1). The considered materials
are Fe, Ni and Fe3Os. Two semi-crystalline thermoplastics are evaluated: a commodity
polymer, polypropylene (PP), and a high-performance polymer, poly-ether-ether-ketone
(PEEK). In the first part of the case study, the heating rates of the susceptors are predicted
using the presented approach. In the second part, susceptor samples are prepared and the

heating rate predictions are compared with experimental results to verify the method.
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34.1 Heating rate prediction

3.4.1.1 Induction heating equipment

Induction heating is performed using an Ambrell EASYHEAT 10kW power supply
(maximum current 750 A with a frequency range of 150-400 kHz). A hairpin coil is mounted
on the induction working head. The intensity of the alternating current travelling through the
induction coil is fixed at 700 A. The frequency is automatically calculated by the generator
software to reach the LC resonance frequency of the induction coil, based on the following
formula:

1 (3.5)
2nVLC

with L being the inductance of the coil and C the capacitance of the generator. For the present

f:

experiments, two 2 uF capacitors are mounted in series in the work head, providing a total
capacitance C = 1 uF. Together with the inductance of the coil L = 0.35 uH, the resonance
frequency is calculated by the generator to be 269 kHz. Induction experiments are conducted

at that frequency.

The induction coil is equipped with a Ferrotron 559H magnetic field concentrator from
Fluxtrol. The induction magnetic field around the hairpin coil and the field concentrator is
calculated using the FEMM4.2 software (Crozier & Mueller, 2016), as presented in Figure
3.3a. Details about the finite element model are available in the supporting information
(ANNEX I). The absolute value of the intensity of the induced magnetic field density H
when located 5 mm away from the coil is shown in Figure 3.3b. The maximum intensity H,,
is 32 kA m™! (0.04 T) at 700 A and 269 kHz. An assumption is made that the presence of the

magnetic susceptor does not impact the magnetic field lines.
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Figure 3.3 Magnetic field density simulation around a hairpin water-cooled copper coil
equipped with a Ferrotron 559H field concentrator, with a 700 A current at 269 kHz. (a)
Field amplitude in a profile perpendicular to the coil axis. Black arrow corresponds to the
sample location, 5 mm away from the coil. The color code scales from light blue (<2kA/m)
to purple (>40kA/m) with increments of 2kA/m. (b) Field amplitude along the black arrow.
Center of the coil is located at 30 mm on the x-axis

3.4.1.2 Materials

PEEK (grade 90G from Victrex) and PP (grade 1104A from Pinnacle Polymers) densities are
1300 kgm™ and 900 kg m™, respectively. Their melting points and recrystallisation
temperatures are obtained by DSC with heating and cooling rates of 10 °C min™!, as
presented in Figure 3.4 and reported in Table 3.2. Their room temperature specific heat

capacities are calculated from the DSC curves and are reported in Table 3.2.
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Figure 3.4 Heating and cooling DSC curves for PP (solid line) and PEEK (dashed line). The
bottom peaks correspond to the melting of the polymer and the top peaks to the
recrystallisation. The melting and recrystallisation temperatures are shown next to each peak

Table 3.2 PP and PEEK specific heat capacity, melting point and recrystallisation
temperature, as measured by DSC

) Specific heat capacity ) ) Recrystallisation
M 1 Melt t [°C
ateria at 25 °C [J kg K] elting point [*C] temperature [°C]
PP 1104A 1970 170 120
PEEK 90G 1140 341 299

Fe, Ni and Fe3O4 particles are well-known for their magnetic properties. Fe has a small
coercivity and is typically classified as a soft magnet (Tumanski, 2011). Fe3Os is classified as
a hard ferrite and therefore exhibit a larger coercivity and hysteresis curve (Ahmadzadeh et
al., 2017). Ni’s magnetic properties are intermediate (Wetzel & Fink, n.d.). In general,
materials with large coercivity exhibit large magnetic hysteresis. The goal of this
methodology is to evaluate which of the three candidates can provide the highest heating rate

when used as a susceptor under the described experimental conditions.




71

The particles diameter, density and specific heat capacity are summarized in Table 3.3, along
with their T.. All particles, including Fe3O4, have large enough diameters so that their
magnetic properties fall in the multi-domain region. Fe3;O4’s critical diameter at which the
material is in a single domain region and the coercivity is maximum is around 80 nm

(Kneller & Luborsky, 1963; Krishnan et al., 2006; J. S. Lee et al., 2015; Merup et al., 2011).

Table 3.3 Magnetic particles suppliers, mean diameters and densities (from materials
technical data sheets), and specific heat capacities and Curie temperatures (from literature)

Particl
arhicles . Specific heat Curie
Material Supplier mean Density capacity [J kg- | temperature
diameter [kg m3) Lt
K] [°C]
[wm]
US Research
. 448 (Callister, | 768 (Bayerl et
F N terial 45 7874
© AnomAeras 1997) al., 2014)
Inc.
) ) : 443 (Callister, | 358 (Bayerl et
-Aldrich
Ni Sigma-Aldric 50 8900 1997) al., 2014)
647 (Westrum
575 (Bayerl et
Fe;04 Hoganéds AB 0.8 5170 & Grenvold, (Bayerl e
1969) al., 2014)

3.4.1.3 Hysteresis curves

The magnetic hysteresis B-H curves of the three magnetic particles are measured, using a
VSM model 7307 (Lakeshore Cryotronics). The maximum applied field H,, varies from 16
to 32, 40, 48, 64 and 80 kA m™! (0.02, 0.04, 0.05, 0.06, 0.08 and 0.1 T). The absorbed energy
density Ej of the three susceptor materials under these field amplitudes is calculated using
equation (2) and reported in Figure 3.5. The corresponding hysteresis of Fe, Ni and Fe;O4
under H,, =32 kA m™', the calculated field amplitude in the inductor, are presented in Figure
3.6. Ni presents the largest measured enclosed surface area (2200 ] m™), with approximately
50% more absorbed energy than Fe;O4 (1500 J m™). Fe exhibits a small hysteresis and small
coercivity and negligible enclosed surface area. These properties indicate that Fe particles

cannot dissipate a large quantity of heat and thus are a poor magnetic susceptor.
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Figure 3.6 Hysteresis curves (B versus poH) of Fe, Ni and Fe;O4 particles. The applied field
amplitude Hm is 32 kA m™! (uoHm = 0.04 T)

3.4.1.4 Predicted heating rate

Equation (3.1) is used to calculate the initial heating rate for Fe, Ni and Fe3O4, mixed with PP
and PEEK (5%vol and 10%vol). It appears clearly in equation (3.1) that the predicted heating
rate is proportional to the absorbed energy density, or the hysteresis enclosed surface area.
On this basis, Ni-based susceptor films should exhibit the largest initial heating rate, due to
Ni’s largest magnetic hysteresis under the applied field density of 32 kA m™'. Table 3.4
summarizes the predicted heating rates for PP and PEEK susceptors for the two considered
magnetic particles and two volume fractions. The predicted initial heating rates of the PP and
PEEK susceptors are similar, which is due to the close volumetric specific heat capacity of
the two thermoplastic matrices. However, Ni does not satisfy equation (3.4) as its Curie
temperature (631 K =358 °C) is lower than the PEEK processing temperature of 380 °C to
400 °C. Therefore, although Ni offers a higher heating rate than Fes3Os, it cannot reach the

PEEK processing temperature and is not a suitable susceptor for this polymer. We conclude
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that Ni is a good choice of susceptor for PP (offers higher heating rate than Fe3;O4 and can
reach the PP processing temperature) while Fe3O4 is better for PEEK (lower heating rate but
can reach the PEEK processing temperature). Fe susceptors should present a negligible
heating rate due to hysteresis losses because of the negligible enclosed surface area of Fe’s
magnetic hysteresis (Figure 3.6). Their predicted value of initial heating is then set at 0 in
Table 3.4.

Table 3.4 Predicted initial heating rates for PP- and PEEK-based susceptors, mixed with Fe,

Ni and Fe;O4 particles, at 5%vol and 10%vol under a 32 kA m™! magnetic field amplitude
and a frequency of 269 kHz

Predicted initial heating rate [K s7]

Polymer PP PEEK
Volume 5% 10% 5% 10%
fraction

Ni 15.7 29.7 18.4 343

Fe304 10.9 20.9 12.8 24.2
Fe 0 0 0 0
3.4.2 Experimental validation

3.4.2.1 Samples preparation

Susceptor samples are prepared by mixing magnetic particles with either PP or PEEK in a
Thermo Scientific HAAKE Minilab II micro-extruder. The polymer is melted at 180 °C (PP)
and 370 °C (PEEK) for 5 minutes. The Fe, Ni or Fe3Og4 particles are then added and mixed
with the polymer for 10 minutes, and the resulting mix is extruded. The remaining material
inside the machine is also recovered. To ensure a more homogeneous distribution of the
particles, the extruded material is melted and mixed again in the micro-extruder, following
the same procedure. After this second mixing step, the obtained material is shredded into
small pellets and pressed into a 1-mm thick film in a hot press. The polymers are pressed at
180 °C for PP and 370 °C for PEEK under a pressure of 5 MPa for 5 minutes. Two volume
ratios, 5% and 10%, are considered for each combination of polymer and magnetic particles.

Samples are cut into 4 cm x 4 cm specimens for characterization.
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Temperature during induction heating is measured using a Jenoptik IR-TCM HD infrared
thermal camera. The maximum temperature measured over the sample is recorded and used
to produce the heating curves. To perform an accurate quantitative thermography analysis,
the emissivity of the sample is first estimated (Testo SE & Co., 2017): the sample is placed
on a heating plate, and temperature is monitored with a thermocouple and the thermal
camera, set with a default emissivity of 1. The ratio between the two values is the actual
emissivity of the sample: 0.9 for both PP-Ni and PEEK-Ni samples, and 0.94 for both the Fe-
and Fe3O4-based samples. The emissivity value is considered as temperature-independent.

Temperature evolution during induction heating is extracted from the thermal camera using
the IRT Analyzer 7 software. The initial heating rate is the largest slope of the curve (i.e. the
largest temperature increase over an elapsed time of 1s), which typically occurs at the

beginning of the heating, as shown in Figure 3.7.
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Figure 3.7 Typical induction heating curve (PP/Ni-5% specimen). The straight-line slope
represents the initial heating rate, and the dashed line corresponds to the thermoplastic
melting point. The flattening of the curve when approaching the melting temperature is due
to the endothermic phase change. Induction heating is turned off after 60 seconds (dotted
line)
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3.4.2.2 Experimentally measured heating rates

The temperature evolution of the sample during induction heating is measured using the
setup presented in Figure 3.8. The distance between the coil and the sample is fixed at 5 mm.
The hairpin coil is equipped with a magnetic field concentrator, as previously explained. The

IR camera records the temperature evolution.

IR camera

Magnetic field
Induction coil concentrator

Figure 3.8 Induction heating setup scheme

Initial heating rates of PP-based susceptors are presented in Table 3.5. Samples made of Fe,
Ni and Fe3O4 at volume fractions of 5% and 10% are prepared and four specimens per
sample are used. Figure 3.9 presents the full heating curves for one representative specimen
from each sample. Ni-based susceptors exhibit a larger initial heating rate at both volume
fractions, as predicted by the model equation. Experimental values are lower than the model
predictions because the model does not consider thermal losses by conduction into the
support plate or by convection into the surrounding ambient air. Fe3O4-based samples show
lower heating rates than Ni-based ones, but they are higher than the predicted values. This is

explained by the presence of small hot spots observed during heating, attributed to locally
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higher volume fraction of Fe3O4 than in the rest of the sample. An improved distribution
would reduce such occurrences and produce more consistent results. Fe-based samples
present the lowest initial heating rates, as expected from the model. The observed heating
rates most probably come from the heat dissipated by induced eddy currents in the Fe
particles. However, such heating is too small to reach the melting point of PP. In general, as
predicted from the model (equation (3.1)), susceptors made of Ni particles heat faster than
Fe304-based ones.
Table 3.5 Predicted and measured initial heating rate for PP- and PEEK-based susceptors,

mixed with Fe, Ni, and Fe;O4 particles, at 5%vol and 10%vol under a 32 kA m™' magnetic
field amplitude and a frequency of 269 kHz

Initial heating rate (Predicted / Measured) [K s!]
Polymer PP PEEK
Volu.me - 10% 5% 10%
fraction
Ni 15.7/13.6 29.7/25.7 18.4/16.5 34.3/28.7
Fe;04 10.9/10.6 20.9/22.3 12.8/9.8 242 /25.1
Fe 0/3.0 0/3.9 - -
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Figure 3.9 Induction heating of PP-based susceptors (applied magnetic field amplitude of
0.04 T, frequency of 269 kHz). Induction was turned off when reaching 250 °C to avoid
sample degradation. Dashed lines correspond to particles concentration of 5%vol and solid
lines to 10%vol

Due to the poor results of the PP/Fe susceptors, Fe is not evaluated with PEEK. The model
predicts a larger initial heating rate for PEEK/Ni susceptors, but the T, of Ni should prevent
it from reaching the melting point of PEEK (343 °C). Experimental results confirm this
hypothesis; the 5%vol Ni sample only reached 202 °C and the 10%vol sample reached
264 °C. Figure 3.10 shows a representative heating curve for each sample. The 5%vol
PEEK/Fe;04 sample do not reach the melting point either, showing a maximum measured
temperature of 283 °C, likely due to thermal losses in the surrounding air and in the
supporting plate. However, the 10%vol PEEK/Fe304 sample was able to melt PEEK. During
this test, induction heating was turned off after 45 seconds to avoid burning the
thermoplastic. The results for PEEK-based susceptors also agree with the model prediction,

which correctly determined that the favorable magnetic particle material to use is Fe3Oa.
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Figure 3.10 Induction heating of PEEK-based susceptors (applied magnetic field amplitude
0f 0.04 T, frequency of 269 kHz). Only the PEEK/Fe;04-10%vol sample reached the melting
point (solid green curve), for which induction was turned off after 45 seconds. Dashed lines
correspond to particles concentration of 5%vol and solid lines to 10%vol

3.4.3 Discussion

Experimental results generally show lower heating rates than the model predictions. This can
be explained by equation (3.1) being valid for thermally insulated susceptors, without
consideration for any heat transfer by convection with the surrounding air or by conduction
in the samples support. The presented methodology nonetheless provides the correct ranking
of the three susceptors heating efficiency, offering engineers a tool to determine which
susceptor material is the most suitable for a given thermoplastic matrix and the generator
used for induction heating. On a practical note, however, the hardness of Fe3O4 presents a
processing drawback for the mixing with the thermoplastic matrix. On the Mohs scale, Fe3O4
has a hardness ranging from 6 to 6.5 (Wilson, 1992), whereas Ni and Fe typically have a
hardness of 4 (The Hardness of Metals: A Visual Representation of the Mohs Scale for
Mettalic Elements and Alloys, n.d.). Mixers are typically made of steel (hardness between 4
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and 4.5), meaning that Ni and Fe cannot scratch it, but Fe3O4 can. Abrasion was observed on
the micro-extruder used during the mixing procedure. Special mixers made of harder
materials (e.g. ceramics or hardened steels), should be used to avoid damaging the equipment

while mixing Fe3O4 with thermoplastic polymers.

Another observation made during the experiments is the apparent phase change that Fe3;O4
underwent during mixing with PEEK at 380 °C. The dark grey/black color of the Fe3O4
particles before mixing became a brown color, similar to rust. This reveals the possible
presence of maghemite (y-Fe3O2), which is an intermediate state in the transformation from
Fe304 to hematite (Fe3O») that appears at temperatures around 300-400 °C (Wahyuningsih et
al., 2019). The complete transformation into Fe3O» occurs at higher temperature (around
600 °C). y-Fe3O> has the same atomic structure as Fe3O, but remains in the same crystalline
structure as Fe3Os, which gives somewhat similar magnetic properties (Shokrollahi, 2017).

Its absorbed energy density is considered as equal to the one measured for Fe3Oa.

3.5 Conclusion

A methodology was presented to select susceptor materials for the induction welding of
thermoplastic composites, with minimal material characterization effort. The proposed
methodology can be applied to any combination of magnetic particles and thermoplastic
matrices, being a reliable screening tool for material selection of induction welding susceptor
films relying on hysteresis losses for heat generation. The methodology requires knowledge
of the magnetic field amplitude that the welding setup can produce, the thermal properties of
the matrix and particles used for the susceptor and the magnetic hysteresis of the magnetic

particles as measured by VSM.

A case study was presented in which three magnetic particles and two thermoplastic
polymers were considered for susceptor manufacturing. The heating rate was predicted based
on Wetzel and Fink equation and compared with experimental data. A good agreement was

obtained, although the prediction does not consider thermal losses in the environment. Fe
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presented poor heating rates with PP and therefore was not investigated with PEEK. Ni was
shown to be the most appropriate susceptor material to melt PP while Fe;Os was more

appropriate for PEEK, due to the low Curie temperature of Ni.
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CHAPTER 4

DEVELOPMENT OF A PEI/NI SUSCEPTOR

This chapter presents the work conducted on the preparation of magnetic hysteresis losses
susceptors that will be used in Chapter 5. Part of the work presented here was published in
the SAMPE Journal in 2023 (Martin, Figueiredo, et al., 2023a). The paper is presented in
ANNEX 1L

4.1 Context

As presented in Chapter 3, magnetic hysteresis losses susceptors are promising heating
elements for induction welding of thermoplastic composites structures. Here, it is desired to
apply the method for the assembly of PEEK-based composites. The typical thermoplastic
welding method for those materials is to weld directly PEEK on PEEK, which requires the
interface to reach the PEEK welding temperatures, which are typically around 380-400°C (L1
et al., 2021; Silverman & Griese, 1989). The problem with this strategy is that, at these
elevated temperatures, the PEEK matrix is molten and the composite laminates that must be
assembled face a high risk of deconsolidation. This would result in porosities between the
fibre layers and dramatically reduce the mechanical performance of the parts. To mitigate
this effect, the heat must be generated at the welding interface and not be conducted to the
rest of the parts, or the parts must remain under consolidation pressure all the time they are

subjected to high temperatures to avoid deconsolidation.

Another strategy is to apply the Thermabond process (presented in 1.1.5), which relies on an
intermediate layer of PEI located at the welding interface to perform the weld at a
temperature below the PEEK melting point, typically in the 280-300°C range. When
applying this strategy for induction welding, hysteresis losses susceptors must be based on
PEI to properly weld the parts to be joined. Based on the materials selection methodology

presented in Chapter 3, Ni particles are a good candidate for PEI-based susceptor, as their
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Curie temperature (358°C) is higher than the target welding temperature range, but lower
than the degradation temperature of the polymer (450 °C (Carroccio et al., 1999)). It is
therefore interesting to investigate the manufacturing and characterization of PEI/Ni

susceptors for induction welding magnetic susceptors.

4.2 Methodology

PEI pellets (ULTEM 1010 grade from SABIC) and Ni particles (5 pum of average diameter
particles from Sigma-Aldrich) are dried beforehand for 4 to 6 hours at 150°C to ensure that
no moisture is present during processing, as this would result in porosity formation and
potential material degradation. Compounding is conducted in a Haake™ Rheomix OS 1010
internal mixer at 320°C and 50rpm. This machine is equipped with two co-rotating rollers
and allows to prepare batches of up to 45cm? of material. The PEI pellets are first added to
the mixer and soften for 5 min before adding the Ni particles. The two materials are mixed
for 5 more minutes before recovering the compounded material. Three volume fractions of
Ni are evaluated: 10%vol, 15%vol and 20%vol. The resulting material is then shredded into
pellets (using an industrial shredder) to be subsequently formed into films using a hydraulic
hot press for 10 minutes under 1 MPa of pressure at 320°C. Two types of samples are cut
from the films for characterization: 1 cm x 1 cm squares for optical microscopy observations,

and 4 cm x 2 cm samples for density and induction heating measurements.

The optical microscopy samples are mounted in acrylic resin and polished using the
procedure described in ANNEX III and analyzed using an Olympus GX-51 optical
microscope. A visual qualitative analysis is conducted on the images to determine the

porosity level and the homogeneity of the particles’ distribution in the polymer matrix.

Induction heating samples are then used, first for density measurements to define the Ni
volume fraction and verify that it matches the expected concentration. Two methods are
applied for this measurement. First, the thickness of the sample is obtained by taking the

average of three points of measure along the length of the sample. The volume is then
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obtained by multiplying this thickness by the surface of the sample, which is assumed to be
similar for all samples and equal to 8 cm?. The sample is then weighted, and the result is
divided by the previously obtained volume to get the experimental density. This first method
— later reported as “Volume method” — is very fast, simple, and only requires a scale. The
second method is the water displacement method, also known as the Archimedes method,
which is explained in ASTM D792 standard. This method requires to weigh the sample in
air, and then repeat the same measurement in water, typically by hanging the sample below a
scale and immerging it into water. The density with this method is calculated per Equation
(4.1):

Myir

4.1)

kg kg
m Myir + Myire — Myater m

With m;,- the mass of the sample in air (directly on the scale), m, 4t the mass of the
sample completely immersed in water, and m,,;.. the mass of the partially immersed wire
used to hold the immersed sample. The 997.5 kg/m® corresponds to the density of water at
23°C. It must be adjusted in the temperature is different. This method is expected to be more
precise as it does not require to measure or calculate the volume. It is therefore most efficient
for samples of complex geometry. Eight samples of each Ni volume fraction are tested with
both methods to obtain a representative measurement of the density at the different Ni
contents. The experimental results are compared with theoretical densities obtained by
applying the rule of mixture, per Equation (4.2):

P =7Vrni Pnit (1 - Vf,zvi) " PpEI (4.2)
With v¢ y; the volume fraction of Ni particles, and py; and ppg, the densities of Ni particles

and PEI pellets, respectively.

Due to thickness variability of the density samples, only those with thicknesses as close to
0.6 mm as possible are retained, to avoid inducing variability in the induction heating
measurements. Therefore, five samples out of the eight used for density measurements are
selected for induction heating tests. A similar setup to the one described in Chapter 3 is used
for these measurements. It consists of an induction coil which generates an alternating

magnetic field in the surrounding air. It is equipped with a Ferrotron 559H (Fluxtrol)
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magnetic field concentrator (MFC) to concentrate the magnetic field at the sample and
increase locally the field amplitude. The current is supplied to the coil by an Ambrell
EASYHEAT 10 kW generator. The frequency of the magnetic field, adjusted by the setup to
match the resonance frequency of the system, is automatically fixed at 388 kHz. The sample
is placed on a Kapton film held by two supports to minimize cooling due to thermal
conductivity in the support. The supports also allow to control the coupling distance, which is
the distance between the coil and the sample. This distance is fixed at 4 mm. Finally, the
thermal evolution of the sample during the test is recorded by a FLIR A700 thermal camera
fixed above the sample. The testing setup is presented in Figure 4.1. For all the tests, the
emissivity of the PEI/Ni samples is fixed at 0.9, as in Chapter 3. The testing procedure is to
turn on the induction heating for 60 s, then turn it off and keep recording the temperature

evolution for an extra 60 s.

IR camera /Q

Susceptor
sample

A
Coupling distance

L ¥ |

R e —

Magnetic field
concentrator

Induction coll

Figure 4.1 Picture (left) and schematic (right) of the induction heating characterization setup.
The sample is supported by a Kapton film held by two supports, which allows to tune the
coupling distance. The red point is the location where the temperature evolution is recorded
by a thermal camera located above the sample
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4.3 Results

Two representative optical micrographs for each 10%vol, 15%vol and 20%vol Ni
concentrations are presented in Figure-A II., Figure 4.3 and Figure 4.4. It appears that there
are no visible porosities at these three concentrations, and no visible agglomerates of Ni
particles. It is therefore assumed that the porosity level is zero and the particles distribution is

homogeneous, highlighting the good quality of the production process.

Figure 4.2 PEI/Ni susceptor films observed by optical microscopy with volume fraction of
10% of Ni particles. The grey area corresponds to the PEI matrix, and the white spots are the
Ni particles. White scalebar is 300 microns

Figure 4.3 PEI/Ni susceptor films observed by optical microscopy with volume fraction of
15% of Ni particles. The grey area corresponds to the PEI matrix, and the white spots are the
Ni particles. White scalebar is 300 microns



88

Figure 4.4 PEI/Ni susceptor films observed by optical microscopy with volume fraction of
20% of Ni particles. The grey area corresponds to the PEI matrix, and the white spots are the
Ni particles. White scalebar is 300 microns

Eight samples for each concentration are tested and their densities are compared with the
theoretical value obtained by the rule of mixture. For each sample, both methods are applied
and compared to the theoretical density. The difference between experimental and theoretical
values is presented in Figure 4.5 for 10%vol, in Figure 4.6 for 15%vol and in Figure 4.7 for
20%vol. The measurements generally do not deviate by more than 5% from the theoretical
density. Based on the eight measurements for each concentration, average density and

standard deviation are calculated.
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Figure 4.5 Experimental density of PEI/Ni-10%vol susceptor samples compared to the

theoretical density obtained by the rule of mixture
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Figure 4.6 Experimental density of PEI/Ni-15%vol susceptor samples compared to the

theoretical density obtained by the rule of mixture
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Figure 4.7 Experimental density of PEI/Ni-20%vol susceptor samples compared to the
theoretical density obtained by the rule of mixture

Both experimental and theoretical densities are reported in Table 4.1. The experimental
densities match the theoretical values, indicating that the Ni volume fraction present in the
samples is the one expected. It is interesting to note that the “Volume” method, based the
volume calculation from the thickness measurement, gives similar results to the Archimedes
method with slightly smaller variability. This method, which is faster to apply, can therefore
be used with confidence to quickly evaluate the density of a sample. One should note that
this is true because of the simple geometry of the samples. For more complex or irregular
samples, the standardized Archimedes method remains the most efficient technique. Overall,
the density measurements and the optical microscopy observations confirm that the produced

susceptors exhibit the desired fraction of well-distributed particles and without porosities.
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Table 4.1 PEI/Ni susceptor samples density at 10%vol and 20%vol. Standard deviation based
on the eight measurements is reported. Theoretical value of the density at each concentration
is presented for comparison

PEI/Ni susceptor samples density [g/cm?]
Ni particles volume | Theoretical — Rule Experimental — Experimental —
fraction of mixture Volume method Archimedes method
20% 2.796 2.816 £0.073 2.844 +0.081
15% 2.415 2.428 £0.054 2.389 +£0.121
10% 2.033 2.037 £0.082 2.092 +£0.079

Induction heating tests of five samples with thickness around 0.6mm are conducted for each
Ni volume fraction using the presented setup. The maximum temperature of each sample is
extracted from their respective thermal camera induction heating measurements and the
corresponding temperature-time curves are presented in Figure 4.8. As expected, 20%vol
samples reach higher temperature (324°C) compared to the 15%vol (316°C) and the 10%vol
ones (299°C). The initial heating rate (at t = 0) of the susceptor samples follows the same
trend, an average initial heating rate of 114 °C/s at 20%vol, 76 °C/s at 15% vol and 54 °C/s at
10%vol. It is interesting to note the good repeatability of the tests, which indicates once again
the quality of the manufacturing process of the susceptors. At the three different
concentrations, a plateau is reached, indicating an equilibrium between the heat generated
and the thermal losses in the surrounding environment. As expected, the plateau is lower than
the Curie temperature of Ni (358°C). This highlights the inherent thermal control feature
provided by magnetic hysteresis losses susceptors, which cannot overheat when a material
with an adequate Curie temperature is selected. The slight variability observed in the cooling
curves comes from the difference of thickness between the samples. Thin samples tend to

cool down faster than thicker ones.
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Figure 4.8 PEI/Ni samples induction heating results. Enclosed scheme of the induction
heating setup, with the red dot representing the position of the temperature measurement

It appears that PEI/Ni-10%vol samples reach a temperature of approximately 300°C, which
is the target temperature for induction welding of PEEK-based composites structures. The
20%vol samples reach a higher temperature but an increased content of metallic particles can
decrease the mechanical properties, so it is favorable to minimize it. Therefore, PEI/Ni-

10%vol is selected to be used as induction welding susceptor for the experiments presented
in Chapter 5.
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5.1 Abstract

A new method to manufacture thermoplastic composite sandwich panels is presented,
making use of the induction welding process in which a magnetic susceptor generates the
heat at the core/facesheet interface. This technique proposes a fast way to assemble
thermoplastic sandwich structures without risking the deconsolidation of the composites skin.
The welding pressure is obtained by applying vacuum over the sandwich panel. This vacuum
induction welding method (Vac-IW) allows joining thermoplastic composite facesheets to a
thermoplastic polymer core in a clean and non-contact manner. The feasibility of the method
is demonstrated by preparing sandwich samples made of glass fibre reinforced
polyetheretherketone (PEEK) skins and a 3D-printed polyetherimide (PEI) honeycomb core.
A susceptor made of PEI and pm-sized nickel (Ni) particles is used to generate heat by
magnetic hysteresis losses. The strength of the sandwich samples assembled by the Vac-IW

method is evaluated by flatwise tensile (FWT) tests.
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5.2 Introduction

The demand for thermoplastic composites in various industries, such as the aerospace and
automotive sectors, has been growing in the last decades. To reduce fuel consumption and
CO» emissions, manufacturers try to reduce the structural weight by replacing traditional
materials like metals for materials exhibiting similar mechanical properties with a lower
density, such as fibre reinforced composites. In the space industry, the weight is even more
critical because of the high impact it has on the launch cost. Space structures must also
comply with other requirements such as vibration absorption and thermal insulation to
survive launch and thermal cycles faced during the mission (Williamson, 1991). For these

purposes, sandwich panels are often selected as the main parts of the space structures.

5.2.1 Sandwich structures

Sandwich structures consist of two thin high-strength, high in-plane stiffness outer layers —
known as facesheets or skins — and a core material located between the two skins. The low-
density core provides the compression strength, supports the through-the-thickness shear
loads, and contributes to the high flexural stiffness of the sandwich panel (Daniel & Gdoutos,
2010; Gao et al., 2020; Neumeyer et al., 2017). These structures are lightweight and may
offer shock and vibration absorption, as well as good impact resistance properties (Skawinski

et al., 2004; Vieille et al., 2012).

Thermoset-based sandwich panels are well-established, but their production is labour and
time-intensive, and they do not fulfill current growing requirements for sustainability
(Griinewald et al., 2017b). High-performance thermoplastic polymers and composite
materials present an alternative in sandwich structures, as they offer an ideal combination of
light weight, thermal stability and high mechanical properties making them ideal candidates
for aerospace and automotive structures (Griinewald et al., 2017b). Many thermoplastic

polymers are also known for their high fracture toughness, good chemical stability and
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unlimited shelf life (Skawinski et al., 2004). They also offer a high potential of being
recycled (Pegoretti, 2021).

There are different types of cores and skins commonly used in the aerospace industry. Foam
cores made of materials such as polyethylene terephthalate (PET), polypropylene (PP), and
polyvinyl chloride (PVC) are often retained, mostly for their compression strength, impact
absorption properties and thermal insulation. Honeycomb cores made of aramid fibres or
aluminium are also common due to their high strength-to-weight ratio and excellent energy
absorption capability (Kodiyalam et al., 1996). Honeycomb cores can also be made out of
thermoplastic polymers, typically by joining small tubes of polymer together (Gao et al.,
2020). In recent years, additive manufacturing (or 3D-printing) has been used to produce
thermoplastic honeycomb cores. This process allows to create honeycomb cells with exotic
shapes, like for example reentrant cells (Ozen et al., 2020), with variable geometry across the

thickness (Townsend et al., 2020) or cores with variable in-plane density.

The skins are typically made of high-performance composite materials, such as carbon fibre
reinforced polymers (CFRP) and glass fibre reinforced polymers (GFRP) (Griinewald et al.,
2017b). The core and the skins are joined to ensure proper loads transfer through the
structure. Adhesive bonding is the predominant technique used for that joining step.
Although it is well-established in the aerospace industry, adhesive bonding presents
limitations. Adhesives typically have a different coefficient of thermal expansion (CTE) than
the bonded parts, which can lead to failure when experiencing large thermal cycles. Most of
them also do not meet the space requirements with regards to outgassing, making them

unusable for space applications (Walter & Scialdone, 1997).

Thermoplastic composite sandwich panels are not common. Only a few research groups have
looked at the manufacturing of these structures, with an increasing interest in the recent years
(Akermo & Astrom, 2000a; Astrom et al., 1998; Breuer et al., 1998; Brown et al., 2007;
Denkena et al., 2022; Griinewald, 2018; Skawinski et al., 2004). Two main methods for

joining the skins to the core have been reported: adhesive bonding and welding, also known



96

as fusion bonding. Adhesive bonding is typically achieved using epoxy polymers, which
present compatibility challenges with thermoplastics, and requires extensive surface
preparation. The curing of the epoxy adhesives also requires time and is labour-intensive
(Wingfield, 1993). Thermoplastic welding, on the other hand, requires low to no surface

preparation and is a fast process (Ageorges et al., 2001; Yousefpour et al., 2004).

5.2.2 Skin-core assembly by thermoplastic welding

The joining of thermoplastic composite sandwich panels is done in a one-step or two-step
process in (Skawinski et al., 2004). The one-step process, referred to by the authors
in (Skawinski et al., 2004) as “isothermal”, consists in placing the core and the two skins
together in a hot press or oven and apply heat and pressure to join the skins to the core. The
two-step process, referred to as “non-isothermal”, consists in heating up one face of each skin
and then transferring the skins rapidly over the core and applying pressure. This second
process has the advantage of not melting the core through its thickness, which may lead to
collapse due to the core losing its mechanical properties past its melting temperature
(Griinewald et al., 2018). The pressure can be applied on the parts by placing them in a
vacuum bag. Once the vacuum is pulled inside the bag, a homogeneous atmospheric pressure
is applied on the sample. In such a case, the important parameters controlling the skins to
core joining quality are the skins pre-heat temperature and the transfer time in the vacuum
bag (Brooks et al., 2008; Brown et al., 2007). The heat losses during transfer imply to
overheat the skins in the pre-heat phase, which can lead to deconsolidation of the laminates

or degradation of the polymer, therefore limiting the use of this method.

Pressure can also be applied using a hot press (Griinewald et al., 2017a; Latsuzbaya et al.,
2023; Rozant et al., 2001) which can reach much higher pressures than the atmospheric
pressure and can also heat up the parts. This method showed some good results but faces the
same challenges and limitations as vacuum moulding when a one-step process is considered
with the melting of the core and associated loss of stiffness and strength. The main advantage

is a shorter transfer time when a two-step process is considered, due to the possible
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automatization of the process. Finally, double-belt lamination is a continuous process in
which parts are assembled, then guided through heating elements by two belts (Trende et al.,
1999; Xinyu et al., 2009). The heat is brought to the joining interface by conduction through

the skins. The parts temperature must be continuously monitored to avoid core crushing.

In all of the described techniques, the heat source is located outside of the sandwich structure
and the skins are heated through their thickness. Localising the heat dissipation at the joining
interface, e.g., using a welding technique, is an interesting avenue to explore for the

manufacturing of thermoplastic composite sandwich panels.

5.3 Theoretical background

5.3.1 Thermoplastic welding

In practice, thermoplastic welding techniques can be divided into three mains methods:
thermal welding, friction welding and electromagnetic welding (Yousefpour et al., 2004).
Thermal welding methods consist in preheating the parts directly before assembling them
under pressure. Friction welding implies that heat at the joining interface is generated due to
the relative movement of the parts against each other. Electromagnetic welding is more
adapted to the geometry of sandwich panels. The working principle is to place at the joining
interface a material able to react to an applied electromagnetic solicitation and dissipate heat
in the surrounding parts (Ahmed et al., 2006; Bayerl et al., 2014; Brassard et al., 2019, 2021).
When placed between the skin and the core, this material allows for welding to occur,
without having to heat up the rest of the sandwich structures, preventing the risks of core
crushing and skin delamination, as experienced in the previously mentioned methods. The
most used electromagnetic welding techniques are resistance and induction welding.
Resistance welding is limited in welding width due to current leakage issues and potentially
non-uniform temperature distribution (Dubé et al., 2008). It also involves connecting a
heating element to a power supply which may prove difficult to scale-up and apply to a

sandwich panel. This study focuses on the induction welding method.
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5.3.2 Induction welding

Induction welding is of particular interest to the aerospace industry due to its speed and
adaptability to complex geometries. It relies on the transformation of a time-varying
magnetic field into heat by a heating element called a susceptor (Ahmed et al., 2006; Bayerl
et al., 2014; Mitschang et al., 2002; Rudolf et al., 2000). Direct heating (Joule heating) of
carbon fibre-based composites is possible when eddy currents are induced directly in the
adherents, which is known as susceptor-less welding, as shown in Figure 5.1a (Barazanchy &
van Tooren, 2023; Fink et al., 1992; Pappada et al., 2015; Worrall & Wise, 2014). However,
a susceptor is required when direct heating is undesirable or if a non-electrically conductive
composite material is used, such as glass fibre reinforced polymers. There are two main heat
dissipation mechanisms happening in susceptor materials: Joule heating by eddy currents and
magnetic hysteresis-losses. When subjected to a time-varying magnetic field, eddy currents
are induced in electrically conductive materials, which generates heat through resistive
heating, also known as Joule heating (Figure 5.1b). The heating element can be a conductive
mesh — such as stainless steel — or a carbon fibre woven ply (Yarlagadda et al., 2016). It can
also be a single layer of conductive polymer (Dermanaki Farahani et al., 2018; Dermanaki
Farahani & Dubé, 2017). On the other hand, susceptors based on magnetic hysteresis exploit
the capability of ferromagnetic materials to absorb energy from an applied alternating
magnetic field and release it into heat, inducing an increase in temperature (Figure 5.1c).
These susceptors are typically made of ferromagnetic micro- or nanoparticles dispersed in a
thermoplastic polymer (typically the same as the parts to be welded) (Bae et al., 2015; Bayerl
et al., 2012; Martin et al., 2022; Suwanwatana et al., 2006a; Wetzel & Fink, n.d.). Hysteresis
losses susceptors present multiple advantages. First, as there is no need to reach a percolation
threshold (unlike for electrically-conductive susceptors), the particles concentration is low
and impacts the mechanical properties and the weight of the susceptor to a lesser degree. As
magnetic materials lose their properties — and their ability to heat up during induction
welding — when passing a certain temperature known as the Curie temperature (Coey, 2010),
it is therefore possible to get a susceptor that will not overheat (Martin et al., 2022). This

offers the opportunity to include an inherent temperature-control feature in the susceptor.
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Figure 5.1 Heating mechanisms in induction welding: (a) Susceptor-less welding, (b)
electrically-conductive susceptor, (c) hysteresis-losses susceptor (adapted from (Martin et al.,
2022))

5.3.3 Dual-polymer bonding on sandwich skins

One major challenge when using thermoplastic welding to assemble sandwich structures is to
generate enough heat at the interface to weld the parts together, while avoiding
deconsolidating the skins. Griinewald et al. proposed to apply the dual-polymer bonding

technique on sandwich skins to solve this issue (Griinewald et al., 2017a).

The dual-polymer bonding technique — or Thermabond process — consists in co-consolidating
a secondary polymer on the surface of the parent laminate to be welded (Cogswell et al.,
1989; Meakin et al., 1991; Smiley et al., 1991). The secondary polymer must have a
processing temperature lower than that of the matrix of the parent adherend and be miscible
in it. A film of the secondary polymer is added to the plies stack before consolidation. During
compression moulding, the two polymers can diffuse into each other, ensuring a strong
interface between them and leaving a polymer-rich layer at the surface composed of the
secondary polymer. For example, it is possible to co-consolidate a polyetherimide (PEI) film
on the surface of a polyetheretherketone (PEEK) adherend, as the two polymers are miscible.
PEI is an amorphous thermoplastic exhibiting a glass transition temperature of 215-217°C
(Martin, Figueiredo, et al., 2023b; SABIC, 2021). Welding can therefore occur at a lower
temperature than the melting point of PEEK (341-344 °C (Martin, Figueiredo, et al., 2023b;
Wetzel & Fink, n.d.)), as the joining interface is made of PEIL. The authors of the original
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study determined a temperature range between 260°C and 315°C to weld PEEK adherends
with co-consolidated PEI surface layers (Bastien & Gillespie, 1991; Smiley et al., 1991). By
staying in that temperature range, the PEEK matrix of the skins does not melt, ensuring a

better dimensional stability of the final part.

5.3.4 Vacuum induction welding technique

Herein, an innovative method to assemble skins to core in sandwich structures is introduced.
This method uses a vacuum bag for pressure application and relies on induction to generate
heat directly at the joining interface. A susceptor material based on magnetic hysteresis
losses is located at the interface between the skin and the core to localize heat dissipation. As
heat is generated at the same time as the pressure is applied, this method can be considered as
a “one-step” process, but as the heat is generated locally and not throughout the whole
structure, it is considered a welding process, contrarily to the original vacuum moulding

method.

A secondary polymer with a lower welding temperature is added on the surface of the
sandwich skins. This prevents the risk of laminate deconsolidation and the loss of mechanical
properties of the skin. The honeycomb core exhibits low thermal conductivity, which means
that the heat dissipated at the interface will not be rapidly transferred to the rest of the
structure, lowering the risk of core crushing. During this process, the second skin, located on
the other face of the sandwich panel, is far away from the coil. Typically, sandwich cores are
half an inch to one inch thick, sometimes even more. Therefore, the opposite skin is
subjected to a very low magnetic field amplitude which does not induce significant heating.
This lack of direct heating and the poor heat transfer occurring by conduction through the

core thickness ensure that the opposite skin is not affected by the ongoing welding process.

Therefore, the goal of this paper is to demonstrate the feasibility of the vacuum induction
welding (Vac-IW) method using a hysteresis losses susceptor. First, a magnetic susceptor for

the induction welding of thermoplastic composites sandwich panels is developed. Following
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the susceptor development, an experimental setup allowing induction welding under vacuum
pressure is presented. Finally, sandwich samples are welded and characterized by optical

microscopy and mechanical testing to verify the feasibility of the method.

5.4 Materials and Methodology

54.1 Parts preparation

Honeycomb core samples are produced by Fused Filament Fabrication (FFF) additive
manufacturing using an AON3D M2 3D-printer. The core is composed of 4 mm wide
hexagonal cells with wall thickness of 0.8 mm and a height of 10 mm, as presented in Figure
5.2. The cell dimension is selected to obtain an integral number of cells along the width of
the sample (50 mm), ensuring the symmetry of the honeycomb core. The core is directly
printed on the bottom sandwich skin, a 1 mm PEI layer, for a total thickness of 11 mm. A 0.8
mm thick frame wall surrounds the honeycomb core, ensuring the outer dimensions of
50 x 50 mm. ThermaX ULTEM 1010 (PEI) filament (3DxTech) is used as the feeding
material and the printing parameters are the following: nozzle temperature of 390°C, bed

temperature of 160°C and chamber temperature of 125°C.

0.8 mm thick
. frame wall

-

1 mm thick
bottom skin

Figure 5.2 (a) Schematic of the honeycomb core with the single hexagonal cell dimensions
and (b) the general sample dimensions
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The top sandwich skin is made of glass fibre reinforced PEEK (GF/PEEK), with a co-
consolidated 125 pum-thick PEI film (ULTEM 1000, Sabic). Glass fibre reinforcement was
selected to avoid direct heating in the skin, which would happen in carbon fibres. This allows
to perform the weld using a hysteresis losses susceptor and validate its use for induction
welding of sandwich structures. The laminates are produced using a hot press (700 kN hot
press from Pinette PEI) following a consolidation cycle of 20 min at 380°C under a pressure
of 2 MPa. To guarantee the presence of a PEI-rich surface layer at the joining interface and to
avoid polymer squeezing out of the tool, a 100 um-thick polyimide film (Kapton) is placed
around the PEI film. The resulting laminates are cut into 50 mm x 50 mm samples to be used

as sandwich top skins.

To prepare the susceptor film, ULTEM 1010 pellets (Sabic) and Ni particles (Sigma-Aldrich,
mean diameter 5 pm) are mixed in an internal mixer at 320°C for 5 min, with Ni particles
(10%vol) Both materials are dried for 4 h at 150°C beforehand to remove moisture. After
mixing, the material is processed into thin films in a hot press at 320°C. The resulting films
are approximately 0.6 mm thick. Square 50 mm x 50 mm samples are cut to be used as

induction welding susceptors in the sandwich panels.

The selection of Ni particles to produce a hysteresis losses susceptor for induction welding
made of PEI is based on the heating properties of the particles. Compared to other magnetic
materials such as magnetite or iron, Ni provides the largest heating rate at the magnetic field
amplitude available with the experimental setup (Martin et al., 2022; Martin, Figueiredo, et
al., 2023b). Also, due to its Curie temperature (358°C) close to the melting point of PEEK
(343°C), Ni cannot overheat and locally degrade the polymer during the process. This

thermal control feature makes Ni an ideal candidate for this study.

5.4.2 Induction welding setup

The samples are welded using a Vac-IW lab-scale setup. An Ambrell EASYHeat 10 kW

generator (maximum current 750 A, frequency range 150-400 kHz) is used to produce the
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alternating current to the coil system. The current travels in a water-cooled copper induction
coil, generating the alternating magnetic field required to perform induction welding. The
frequency of the alternating current is automatically calculated by the generator, based on the
coil geometry. In this case, it is fixed at 389 kHz. To increase the magnetic field amplitude in
the region of the weld, a magnetic field concentrator (Ferrotron 559H from Fluxtrol) in
placed around the induction coil. This low permeability magnetic material (relative magnetic
permeability around 16) concentrates the magnetic field lines towards the side of the coil

where the sample is located (Martin, Figueiredo, et al., 2023b).

The sandwich parts to be welded are placed on a plate and covered with a vacuum bag, fixed
to the plate with sealing joint. The vacuum bag is made of Kapton to sustain the high welding
temperature. Once the parts are in place, vacuum is pulled, and pressure is applied on the
sample during the complete duration of the Vac-IW process. Figure 5.3 presents a schematic

view of the Vac-IW setup used to weld the sandwich samples.

To allow for relative displacement between the sample and the induction coil, the setup is
equipped with a linear displacement table enabling lateral displacement at controlled speed.
The vacuum bag containing the sample to be welded is placed on this table and the distance
between the sample and the induction coil is fixed. Typically, the pressure inside the bag

reaches -0.9kPa and is maintained during the process.
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Figure 5.3 (a) Schematic and (b) picture of the Vac-IW setup. The black horizontal arrow on
the schematic represents the relative movement between the coil and the sample. The speed
of the coil displacement corresponds to the welding speed

A total of 17 samples are prepared to evaluate the welding interface and for mechanical
characterization. The different parts of the sandwich panels are simply wiped with alcohol

before assembly to remove dust. No other surface preparation is performed before welding.

The influence of the welding speed, or the relative speed between the induction coil and the
sample, is evaluated in this study. It has been reported in the literature that changing the
welding speed during continuous induction welding process affects the thermal history at the
weld line (Lionetto et al., 2017). The alternating current amplitude is fixed at 600 A, the
frequency at 389 kHz, and the coupling distance at 3 mm for all samples. Based on previous
work, this configuration corresponds to a maximum magnetic field amplitude of 32kA/m on
the welding line (Martin, Figueiredo, et al., 2023b). One sample is welded for six different
welding speeds (0.3, 0.4, 0.5, 0.7, 0.9 and 1.0 mm/s) to be analyzed by optical microscopy,
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and five, three and three samples are welded for each of the three selected intermediate
speeds (0.5, 0.7 and 0.9 mm/s), respectively, to evaluate the mechanical properties of the

weld.

5.4.3 Optical microscopy

One sample from each welding speed is cut as shown on the schematic in Figure 5.4 for
optical microscopy observation of the weld interface. The samples are mounted into an
acrylic mounting compound to be polished and an Olympus GX51 optical microscope is used

for the observation.

} A T Cutting lines

Top view of """""""""""""
Sample lﬂ ............. l' __________ O bserved
i =5
‘ interfaces

Figure 5.4 Schematic of the cutting pattern to extract four optical microscopy samples from a
welded sandwich panel

5.4.4 Mechanical testing

The skin to core adhesion is characterized using the flatwise tensile (FWT) mechanical test,
following the ASTM C297 standard (ASTM C297, 2021). A steel block is bonded to each
side of the sandwich specimen to apply the tensile force evenly on, and normal to, the
surface. Loctite® 415™ Super Bonder® instant adhesive is used to bond the steel blocks on
the specimens. The parts are stored at room temperature for 24 hours to fully cure the

adhesive.
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To execute the FWT mechanical test, an MTS Insight electromechanical tensile testing
machine is equipped with the designated jig to hold the sample (manufactured by Wyoming
Testing Fixture), as presented in Figure 5.5 (right). Specimens with bonded steel blocks are
mounted and fixed using pins. The testing speed is 0.5 mm/min, as per the ASTM C297
standard, and a 50 kN load cell is used to record the load during the test.

The main types of possible failures are adhesive (glue) failure (not an acceptable failure
mode, leading to an invalid test), facing failure, adhesive failure of the welded joint, cohesive
failure of the welded joint or core failure (ASTM C297, 2021). Hybrid failure, combining at

least two acceptable failure modes, can also be reported.

Steel block _
Adhesive

Facesheet
Sandwich
sample

Steel block

Figure 5.5 (a) FWT testing jig installed on the tensile test machine, with a sample mounted to
be tested and (b) schematic of the FWT test



107

5.5 Results and Discussion

5.5.1 Optical microscopy

The analysis of the weld interface allows to observe the impact of the process on the contact
between the skin and the core. The temperature evolution at the welding line is deduced by
observing the deformation of the cell walls. The temperature is not directly monitored by
thermocouples due to their inaccuracy in presence of a magnetic field. The first observation
is made on samples welded at welding speeds of 0.3 and 0.4 mm/s. At these low speeds, with
the applied magnetic field amplitude, too much heat is generated, thereby inducing
deformation of the structure, especially towards the center of the structure, as visible in
Figure 5.6. This sample was welded at 0.3 mm/s. The wall on the left corresponds to the
external wall of the sandwich structure. The top of the honeycomb walls is largely deformed
(dashed white arrows in Figure 5.6), confirming the high temperature experienced in that
area. The difference of deformation observed between the edge (black arrow in Figure 5.6)
and the center is most probably due to a difference in thermal history. There was less heating
on the edge due to larger thermal losses on the side of the sandwich structure. The
dimensional stability of the sample is not conserved at such low welding speeds. Finally, it
also appears that overheating induced a large expansion of porosities in the 3D-printed
honeycomb and in the susceptor close to the interface, which might reduce the mechanical

properties.

Figure 5.6 Cross section profile of a sandwich structure welded at 0.3 mm/s. Left side of the
sample corresponds to the outer wall of the sandwich structure (black arrow). Visible
deformation is seen on the top skin (solid white arrow). Top of honeycomb cell walls is
deformed (dashed white arrows)
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On the other hand, at a welding speed of 1.0 mm/s, the skin is not assembled to the core at
all. The parts merely stuck together, and detached shortly after welding, probably due to the
induced stress caused by the difference of thermal expansion and contraction of the core and
the skin. This indicates that 1.0 mm/s is too fast a welding speed for this combination of
materials and applied magnetic field amplitude. This observation on the impact of the
welding speed corresponds to what has been reported in the literature (Lionetto et al., 2017).
It can be explained by the fact that, at lower speeds, the susceptor is exposed to the magnetic
field for a longer duration, which makes it reach higher temperatures, as it was reported by

the authors in a previous study (Martin, Figueiredo, et al., 2023b).

Cross section profile of samples welded at intermediate welding speeds of 0.5, 0.7 and 0.9
mm/s do not exhibit evidence of core crushing, a sign that overheating was avoided (Figure
5.7). A good contact seems to have been reached between the skin and the core. The three
pictures show an evolution of the contact between the susceptor and the skin. The susceptor
final thickness also evolves with the welding speed. The core wall flow observed here is in
agreement with reports from the literature, in the context of compression moulding (Akermo
& Astrom, 2000a). Here, as the weld is conducted in the upper part of the sandwich structure,
the softened core polymer is pulled down by gravity, creating a visible mushroom shape. It
appears that welding the sandwich panel upside down could be an alternative, as it would
keep the susceptor in contact with the skin. At lower speed (0.5 mm/s, Figure 5.7a), a larger
susceptor deformation is seen, increasing the contact width with the skin (dashed black lines
in Figure 5.7). Conversely, at 0.9 mm/s (Figure 5.7¢), the contact width is smaller and the
final susceptor thickness between the skin and the core is larger. These two parameters were
measured for each welding speed based on the optical microscopy images; the results are

presented in Figure 5.8.
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Figure 5.7 Welding profile on top of a core cell wall for a sandwich panel welded at (a) 0.5
mm/s, (b) 0.7 mm/s and (c) 0.9 mm/s. Dashed black lines correspond to the contact width.
White vertical lines correspond to the susceptor thickness. The deformation of the top of the
honeycomb cell walls is highlighted by the black arrows, The white scalebar represents
0.7 mm in the three pictures
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Figure 5.8 Susceptor contact width and thickness after welding at different welding speeds
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5.5.2 Skin-core interfacial strength

It appears from the optical microscopy observations that the welding speeds of 0.5, 0.7 and
0.9 mm/s correspond to the optimal processing window for this combination of materials
(thermoplastic polymer and magnetic particles, under the applied magnetic field amplitude)
in this experimental setup. The mechanical properties of the sandwich panels welded at these
three speeds are characterized by FWT and presented in Figure 5.9. As per the ASTM C297
standard, the strength is expressed as the load at failure divided by the total surface of the
sample. For reference, a strength of 6 MPa corresponds to a force of 15 kN. One of the five
samples welded at 0.5 mm/s failed inside the core at a lower stress, probably indicating a
defect in the honeycomb core created during 3D-printing. This sample is not reported in
Figure 5.9, as the value does not represent the skin-core strength. Another one failed in the
bonding adhesive used to bond the sample to the steel blocks. The maximum load recorded is
therefore slightly inferior to the other samples. This value is reported but it should be kept in
mind that the actual joint strength is superior to that value. This point is shown in Figure 5.9
with a black arrow pointing up. As expected, samples welded at lower speeds exhibit higher
strength, as they reached a higher temperature for a longer period of time during the
induction welding process. The samples welded at 0.9 mm/s exhibit a lower strength,
highlighting the lower quality of the weld at this welding speed. Results of flatwise tensile
tests on polymer honeycomb sandwich panels are limited in the literature to compare with the
presented values. Griinewald at al. tested PEI foam cores joined to CF/PEEK skins by
thermoplastic thermal welding and reported maximum skin-core strength of 1.2 MPa
(Griinewald et al., 2019). However, this value corresponds to the foam core failure, which
does not indicate the skin-core strength. Another interesting study from Widagdo et al.
presents carbon fibre epoxy skins joined to fibre glass honeycomb cores using an epoxy film
adhesive (Widagdo et al., 2020). This is not directly comparable as the joining method is not
thermoplastic welding but adhesive bonding, but the same mechanical test is used to
characterize the samples. Skin-core strengths (cohesive failure inside the adhesive layer)

between 5.1 and 5.6 MPa are reported. The results presented here for sandwich samples
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welded with the Vac-IW method reach up to 6 MPa, without any specific surface preparation.
This highlights the good quality of the process.
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Figure 5.9 FWT skin-core strength of welded sandwich samples as a function of the welding
speed. Three valid measurements were obtained at each speed. One supplementary sample
welded at 0.5 mm/s that broke in the bonding adhesive used to bond the sample to the steel

blocks. This value is reported and marked with an arrow pointing up

The samples failure mode is analyzed. One representative sample for each welding speed is
presented in Figure 5.10. At a welding speed of 0.5 mm/s, the dominant failure mode is a
cohesive failure of the susceptor layer, easily identified with its black color (Figure 5.10a).
At 0.7 mm/s, an adhesive failure is observed either between the skin-susceptor interface or
the susceptor/core interface (Figure 5.10b). Finally, at 0.9 mm/s, adhesive failure dominates

on the whole surface, and is located at the susceptor/core interface (Figure 5.10c).

The change in failure mode indicates that the decrease in speed induces a higher degree of
welding, caused by a higher temperature reached during the process. The increase of contact
width between the core and the skins observed in the optical microscopy images is confirmed

by the change of failure behaviour observed in the fractured samples. This has been



112

previously reported in the literature (Akermo & Astrdm, 2000b). The effective contact
surface area is increased at a low welding speed, which contributes to the improvement of the
mechanical strength. In the three specimens, welding was less advanced close to the edges of
the skin. This is especially visible on the sample welded at 0.5 mm/s (Figure 5.10a). As
discussed, the dominant failure mechanism in this case is cohesive failure, but on top of the
outside wall, the failure is clearly adhesive, highlighting the lower degree of welding in that

region.

(b) 0.7 mm/s
s 3 ;/A..:y"'t .

(c) 0.9 mm/s

Figure 5.10 Fractured FWT sandwich samples welded at (a) 0.5 mm/s, (b) 0.7 mm/s,
(c) 0.9 mm/s)
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5.5.3 Effective skin-core strength

The fracture analysis shows a higher degree of welding in the samples welded at low speeds.
Another way to verify this is to normalize the strength of the skin to core interface by the
effective surface area of contact between the skin and the core. As mentioned above and
reported in Figure 5.8, the susceptor contact width with the skin increases when the welding
speed decreases, as observed in the optical microscopy images. By assuming that this
effective contact width is constant throughout the structure, it is possible to calculate the
effective contact surface area, as shown in Figure 5.11. For example, as highlighted by the
dashed line in Figure 5.11, the effective contact surface area evolves from 25% with the
original 0.8 mm wall thickness to 60% with 2.4 mm wall thickness. The effective contact
surface area is more than doubled, which in turn impacts the skin-core strength of the
sandwich panel. Based on this assumption, it is possible to calculate the effective interfacial
strength by dividing the load at failure by the effective contact surface area instead of the
skin surface area. These results are presented in Figure 5.12. If the increase in strength
observed in Figure 5.9 was only caused by the larger contact surface area, then the data
points in Figure 5.12 would all be aligned. As it appears, the normalized strength of the
sandwich sample increases when the welding speed is reduced, which further confirms that a
higher degree of welding is achieved at lower speeds, which can be related to the

observations on the fractured samples (Figure 5.10).
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Figure 5.11 Effective contact surface area of a honeycomb core as a function of the cell wall
thickness. The two dashed lines highlight the original 0.8 mm and the 2.4 mm wall
thicknesses
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Figure 5.12 Effective skin-core interfacial strength as a function of the welding speed. Three
valid measurements were obtained at each speed. One supplementary sample welded at 0.5
mm/s that broke in the bonding adhesive used to bond the sample to the steel blocks. This
value is reported and marked with an arrow pointing up. The dominant failure mode is
indicated

5.6 Conclusion

This paper presents a new method for joining thermoplastic composites sandwich structures
under vacuum and using induction welding. The described Vac-IW method proposes a
contactless induction welding method, allowing for heat localisation at the joining interface
with a constant pressure application during the process. The atmospheric pressure applied
during assembly, which is usually considered too low to weld or consolidate high
performance thermoplastics, is shown to be high enough here, due to the effective higher

pressure supported by the core cell walls. The optical microscopy observations allowed to



116

define an appropriate processing window and the FWT mechanical tests validated that
welding occurred between the skin and the core, proving the feasibility of the technique. The
application of the dual-polymer bonding method on the sandwich skins allows for the weld to
occur at a lower temperature than the skin thermoplastic matrix melting point, avoiding
issues like deconsolidation. Although it is tested with a honeycomb core in this study, the
Vac-IW method can also be applied to corrugated or foam cores made of thermoplastic
polymers. This study demonstrates the feasibility of the method, which is promising for the
assembly of thermoplastic composite sandwich structures, without having to heat non-
electrically-conductive skins through their thickness. The contactless approach showed here
may also open the door to the assembly of non-flat thermoplastic composite sandwich panels
on which a coil could be moved using a robot with temperature control through the susceptor
Curie temperature and thermabond process. In the future, thermoplastic sandwich panels
assembled with the Vac-IW method should be tested in 3-points bending and double
cantilever beam test, to assess the fracture toughness of the weld and compare with other

experiments reported in the literature.

5.7 Acknowledgements

The authors acknowledge financial support from CREPEC (Research Center for High
Performance Polymer and Composite Systems), NSERC (Natural Sciences and Engineering
Research Council of Canada) (grant number ALLRP 556497-20), PRIMA Québec (Pole de
Recherche et d’Innovation en Matériaux Avancés) (grant number R20-13-004), the Canadian
Space Agency (CSA), Ariane Group, NanoXplore inc, Mekanik and Dyze Design. They also
want to thank Mr. Adrien Fage (Ariane Group) for his help with the optical microscopy
images, as well as Mr. Kambiz Chizari and Mr. Olivier Duchesne (Polytechnique Montréal)

for their help with the mechanical tests.



CHAPTER 6

DEVELOPMENT OF A 3D-PRINTING MAGNETIC SUSCEPTOR FILAMENT

6.1 Context

As previously discussed, hysteresis losses susceptors can be made of magnetic particles
embedded inside a thermoplastic matrix. The particles are a non-continuous filler, inversely
to other typical heating elements such as metallic meshes or carbon fibres. Also, as each
particle can heat up when exposed to the magnetic field, there is no need to reach the
percolation threshold. The composite susceptor can then be moulded in various shapes
depending on the targeted induction welding application. The objective of this chapter is to
demonstrate the possibility to fabricate magnetic susceptors in the form of 3D-printable
filaments. Such filaments would be applicable to a large field of applications as they could be
deposited by the fused filament fabrication (FFF) technique in various patterns on
thermoplastic composites to be welded. They could also be used in various applications
where heating is desired with a higher density of deposited susceptor filaments at locations
where more heat is needed. In this chapter, we develop magnetic susceptor made of PEI/NI
in 3D-printable filament form and use the filaments in the FFF technique to assemble
thermoplastic composite sandwich samples, replacing the pressed susceptor films presented

in Chapter 5.

6.2 Preliminary study on the susceptor filaments production

Printing a susceptor requires processing the material into the form of a filament of fixed
diameter that can be subsequently deposited by a 3D-printing machine. This can be divided
into two main steps: the compounding step, where the thermoplastic polymer is mixed with
the magnetic particles at a given concentration, and the shaping step, where the susceptor
material is extruded into the form of a filament. Those two steps can occur simultaneously

(one-step process, as presented in Figure 6.1) or separately (two-step process).
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3D-printing susceptor
filament

Figure 6.1 Scheme of the extrusion of PEI and Ni, resulting in a PEI/Ni 3D-printing filament.
This corresponds to the one-step process where compounding and shaping of the filament
occur simultaneously

A preliminary study on the manufacturing of PEI/Ni filament was conducted by Baptiste
Renault during his Master project (Renault, 2023). The goal was to evaluate the need of a
preliminary compounding step to mix PEI and Ni particles before the extrusion process
dedicating to shaping the material into a 3D-printing filament, or if these two steps could
occur concurrently during a single pass through the extruder. A Thermo Scientific HAAKE
MiniLab II twin-screw micro-extruder was used in this study. This extruder possesses a
single heating zone, covering the complete working area, which is fixed at 320°C. The
rotation of the screws is fixed at 150 rpm. Two modes of mixing can be selected in the
micro-extruder: a cycle mode and a flush mode. In the cycle mode, after passing through the
screws, the material is recirculated via a side channel towards the beginning of the screws
(Figure 6.2a). This allows the material to pass multiple times through the screws, increasing
the mixing and the total residence time at high temperature. This can be used as a
compounding step, alternatively to the internal mixer compounding used in Chapters 4 and 5.
The drawback of the micro-extruder in cycle mode is that only a small amount of material
can be mixed and produced at a time (5-7 g). The longer residence time can also start
degrading the polymer, even if the temperature should be low enough to avoid it. On the
other hand, the flush mode directly extrudes the material after it passes once through the
screws (Figure 6.2b). This reduces the mixing time but allows for continuous extrusion by
continuously feeding with material, as it is an open circuit. Extrusion of the material

corresponds to the shaping step, to manufacture the 3D-printing filament. For this purpose, a
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2 mm round die is mounted at the exit of the micro-extruder to impart a round shape to the

filament.

a) cycle mode

Figure 6.2 Picture of the micro-extruder used in the preliminary study. It can be used in (a)
cycle mode or (b) flush mode. The green arrows indicate the path of the material in the
extruder in both modes

The conclusion of this preliminary study was that a good distribution of Ni particles can be
obtained after a single pass in flush mode. It is therefore unnecessary to perform a
compounding step separately before the extrusion step. This is positive as it removes one
cycle at high temperature for the material, preserving its properties. It was also noted that the
use of PEI in powder instead than of pellets resulted in better particles distribution and lower
porosity level. Therefore, the material form was changed for the experiments presented
hereafter. Finally, the porosity level was minimal in the susceptor material after extrusion
without the round die. The addition of the die induced some porosities in the center of the
filament, as presented in Figure 6.3. Despite the presence of porosities in the final material,
this study demonstrated that the production of susceptor filament is possible through a single

extrusion process.
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Figure 6.3 Cross-section optical microscopy images of susceptor filament produced by
Baptiste Renault during his Master’s project using a micro-extruder
Taken from Renault (2023, p. 47)

6.3 Methodology

As the one-way process (compounding and shaping using a single pass in the micro-extruder)
produces good quality susceptor filaments, the production is moved to a larger extruder to
prepare larger quantities of filament. The selected materials are Ni particles (average
diameter 5 microns) from Sigma-Aldrich and PEI ULTEM 1010 in powder form from
SABIC. These are the same materials that were used in Chapter 4 and 5, except that the form
of the PEI has changed from pellets to powder, based on the observations of the preliminary
study. PEI powder and Ni particles are pre-mixed by hand to ensure good distribution, then

the material is fed to the extruder. The Ni concentration is fixed at 10%vol because when



121

increasing the concentration to 15%vol, the extruder started making metal-on-metal noises,
which can indicate that the Ni particles were directly in contact with the screws and the
barrel. As this presented a risk of excessive abrasion of the extruder parts, it was chosen not

to continue the extrusion at that concentration, and remain 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 details in Figure 6.4. A 1.75 mm nozzle is mounted at the extremity of the extruder. Eight
heating zones are available:

e The first one (where the material is fed to the extruder) is set at 260°C to avoid melting

the material too early and clog the feeding port.
e The following five at set at 320°C.
e The last two sections are set at 335°C, to improve the filament surface quality and reduce

the instabilities at the extruder nozzle.

The diameter of the extruded filament is controlled by a two-axis laser measurement system
(from Zumbach). 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. This reduced the accuracy and consistency of the
filament diameter. The target diameter is 1.75 mm; the limitations are to be larger than
1.6 mm to be correctly pushed by the printing head gears, and smaller than 1.9 mm to pass

through cylinder of the printing head of reach the printing nozzle.
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Figure 6.4 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

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 then
be controlled as it can lead to brittleness and inhomogeneous heating. To analyze the
magnetic properties of the filament, vibrating sample magnetometry (VSM) 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. Then, 0.6 mm-thick rectangles of 2 cm x 4 cm, similar to the
pressed films tested in Chapter 4, are printed to be heated up by induction to measure their

heating properties. A similar setup to the one presented in Chapter 3 and 4 is used for that
purpose.

Finally, to evaluate the ability of the susceptor filament to be deposited on complex

structures and to verify its welding capabilities, honeycomb cores incorporating a layer of
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susceptor are produced. Similar honeycomb samples as those presented in Chapter 5 are
manufactured, but a few extra layers of susceptor are printed directly on top of it. To do so,
the secondary printing head of the AON3D M2 printer is used. In the slicer software
Simplify3D, the printing procedure is set up to switch printing heads when reaching the final
layers. It is important to properly calibrate both printing heads and their relative position. If
this step is not conducted accurately, the secondary material deposition will be shifted
compared to the previous layer, preventing good adhesion between layers and, accordingly,

good mechanical properties.

The susceptor layer thickness is fixed at 1 mm, which is equivalent to five printed layers of
0.2 mm. The printing temperature of PEI is set to 390°C, like in Chapter 5, and susceptor
printing at 410°C, like for the printing of the characterization samples. The difference in
temperature is caused by the difference of viscosity of the two materials. Two susceptor
deposition configurations are evaluated: a constant susceptor width, made of five 0.8 mm-
wide layers on top of the cell walls (Figure 6.5a), and an increasing susceptor width, varying
from 0.8 to 2.4 mm by 0.4 mm increments. This corresponds to a width of two, three, four,
five and six filaments in width per layer (Figure 6.5b). 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, which can increase
the interface strength. 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 susceptor is properly printed when the nozzle moves to the honeycomb core.
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a) Constant width b) Variable width

Figure 6.5 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

The printed honeycomb incorporating the susceptor layer can be directly welded to their skin,
without any additional material. GF/PEEK laminates are used as skins, with a co-
consolidated PEI layer at the welding surface, like the ones used in Chapter 5. The vacuum-
assisted induction welding technique presented in Chapter 5 is used to assemble skins and
cores. Three welding speeds (relative displacement speed between the induction 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 evaluated using FWT tests, as presented in Chapter 5. The preparation od the
FWT samples is described in details in ANNEX IV. 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 0.1 mm/s for optical microscopy observations, for a total of 8 welded

sandwich samples.

6.4 Results

6.4.1 Susceptor filament characterization

The susceptor filaments produced with the Leistritz extruder exhibit a smooth surface finish,

which is probably due to the higher temperature (350°C) in the final two heating zones of the
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extruder. The porosity level and Ni distribution are analyzed by observing the cross-section
of the filament by optical microscopy. Four representative filament pictures are presented in
Figure 6.6. The porosity level inside the filament varies significantly between samples, with a
limited number of visible porosities in Figure 6.6d to a large amount in Figure 6.6b. It also
seems that porosities are getting larger towards the center of the filament. Further
experiments should be conducted on the extruding parameters of the large extruder to
minimize the porosities in the filament. However, Ni particles appear to be well distributed in
the PEI matrix, with no visible agglomerates. This confirms the previous results obtained
with the micro-extruder that it is possible to perform a one-step process regrouping
compounding and shaping. The porosity level looks higher than in the filament obtained with
the micro-extruder (Figure 6.3), which indicates that improvement can be done on the

process parameters with the large extruder.

The diameter of the filament is another important parameter that must be controlled during
extrusion. As reported in Figure 6.6, 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. To comply with the required 1.6 to 1.9 mm diameter
range, sections of filaments that are out of this range are cut out. Remaining sections vary
from 30 cm to more than 1 m, which is sufficient to print the different samples analyzed

hereafter.
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Figure 6.6 Optical microscopy images of PEI/Ni-10%vol filament cross-sections. The
diameter of each filament is reported on the figure

The filament’s magnetic properties, measured using VSM, are reported in Figure 6.7. 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, which is in the range
of what is applied during the induction welding process (Martin, Figueiredo, et al., 2023b). In
both Figure 6.7a and b, the minor loops at the different amplitudes are clearly visible. As
expected, the hysteresis size increases with increasing applied field amplitude. The saturation

magnetization is not reached, even at 48 kA/m. The magnetization of the susceptor sample
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(Figure 6.7b) is smaller, because it is only composed of 10%vol of Ni particles, the rest of the

sample — the PEI matrix — is not magnetic.
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Figure 6.7 VSM results for (a) Ni particles and (b) PEI/Ni-10%vol susceptor at 25°C.
Enclosed is zoom-in on the center of the magnetic hysteresis curves highlighted by the
dashed black rectangle

To better compare both materials, the hysteresis curves at 32 kA/m are presented in Figure
6.8. The measured magnetic moment is normalized by the total mass of the sample to obtain
the mass magnetization, which is presented in Figure 6.8a (similar curves as in Figure 6.7a
and b), and by the mass of the Ni in Figure 6.8b, assuming a volume fraction of 10%. The
curves overlap in Figure 6.8b, which is a good indicator that the actual Ni concentration is
10%vol as expected. The shape of the hysteresis 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. Further measurements would be required to better
understand the small difference of hysteresis shape between the two materials. The enclosed
surface areas of both hysteresis curves presented in Figure 6.8b are calculated. Absorbed
energy densities of 2244 J/m® and 2091 J/m? are obtained for the Ni particles and the PEI/Ni-

10%vol susceptor, respectively, considering the volume of Ni particles.
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Figure 6.8 VSM results for Ni particles and PEI/Ni-10%vol susceptor at room temperature,
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

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 and are shown in Figure 6.9a. The
measurements follow the typical Steimetz equation as presented in 1.3.3.3. The slope is
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 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 magnetic field during VSM measurements. In Figure 6.9b, the same results are
presented as a function of the temperature. This allows to observe 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 at which the material theoretically has lost all
magnetic ordering. The decrease is almost linear, which corresponds to what has been
reported in the literature for Ni (Harrison, 1904). 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 Figure 6.9c. The decrease of the enclosed surface

area, which corresponds to the absorbed energy density, is visible in this figure.
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Figure 6.9 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)

6.4.2 Printed susceptor characterization

The susceptor is then observed and characterized after the printing step. Figure 6.10 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 total thickness close to 1 mm in
Figure 6.10a. There is good continuity between printed filaments, as their interface is not
visible, in both cross-section and in-plane views, which indicates 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. This

indicates that the susceptor will be able to heat up evenly during induction welding.
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a) Cross-section

b) In-plane

Figure 6.10 Optical microscopy images of printed susceptor films (a) in cross-section view
and (b) in in-plane view

For the sake of comparison, a similar 1 mm-thick 3D-printed film of CF/PEI is prepared
using commercial filament from 3DxTech. Cross section of this film is observed with optical
microscope and compared to the printed PEI/Ni-10%vol susceptor film. The comparison of
both materials is presented in Figure 6.11. The apparent surface fraction of porosities is
quantified by performing image analysis with the ImageJ software. Binary images extracted
from Figure 6.11a and b and used for the analysis are presented in Figure 6.11c 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 size close to the Ni particles diameter (approx. 5 mm) could be holes
left by particles being pulled out during polishing and not actual porosities. But 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 to be
the same size in both materials. This is a good indicator that the quality of the susceptor
filament is already promising, although improvement can still be made to reduce the porosity
level below 10% and reach similar level as in commercially available composites filaments.
In Figure 6.11a 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 capability remains satisfying, could

also help reducing the porosity level.
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Figure 6.11 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 (¢) PEI/Ni-10%vol printed susceptor and (d) commercial CF/PEI printed
composite

Finally, the induction heating capabilities of the printed susceptor are characterized. A total
of eight printed samples are measured. Four pressed samples like those characterized in
Chapter 4 are also tested to ensure a proper comparison can be conducted (same coupling
distance, room temperature, etc.). First, the samples are weighted, and their thickness is
measured to evaluate their density using the “Volume method” presented in Chapter 4. The
average densities of pressed samples and printed samples are 2.128 g/cm® and 1.443 g/cm’,
respectively. The density of the printed samples is clearly lower than the pressed samples.
This is probably mostly due to the presence of porosities in the printed samples. Based solely
on this explanation, the difference of density between pressed and printed samples
corresponds to a porosity level of 32%vol in the printed samples. This result confirms the
need to reduce the porosity level inside the printed susceptor to obtain good quality material.
One should note that this result differs from the value obtained by image analysis. This
comes from the fact that in image analysis, a surface concentration is obtained, but a volume

fraction is calculated when comparing densities.
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Following this preliminary characterization step, samples are heated up for 60 s, then the
induction heating system is turned off, while temperature is recorded for another 60 s. The
temperature at the center point of the sample is extracted from the thermal camera data
Figure 6.12). The printed susceptor samples reach lower temperature than the pressed ones.
The lower heating can be attributed to the lower density of the samples, caused by porosities.
As less Ni particles are present in the same volume, less heat is generated. This highlights
once again the need to reduce the porosity level inside the susceptor filament to increase the
heating properties. 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.
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Figure 6.12 Induction heating curves of pressed and printed susceptor samples. Enclosed is a
scheme of the induction heating setup, with the red point indicating where the temperature
evolution is recorded by the thermal camera
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Figure 6.13 presents the maximum temperature reached during induction heating tests as a
function of the sample’s density and the sample’s weight, respectively. In Figure 6.13a, the
printed samples have a lower density, as discussed, which is causing the lower average
temperature, as already observed in Figure 6.12. However, Figure 6.13b shows that the
variability of the measurements for both printed and pressed samples can be correlated to the
mass of the sample. The mass variation is caused by the thickness variation 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 prepares the instructions for the 3D-printer, assumes a
constant diameter of 1.75 mm. However, if in reality the filament exhibits a different
diameter, 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, and an increase of 18% with a 1.9 mm filament. The tested printed
samples exhibit thickness variability of the same range, indicating that the filament diameter
variability is most probably responsible for the variations of thickness, which in turn impacts

the heating variability.
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Figure 6.13 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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6.4.3 Susceptor deposition on honeycomb cores

To verify the printability of the susceptor filament in complex geometry, a susceptor layer is
printed directly on top of a honeycomb core. The process of printing PEI honeycomb with
one printing head and then shifting to the second printing head to deposit the susceptor layers
is conducted successfully. One sample for each susceptor printing configuration is presented
in Figure 6.14; the complex geometry 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.

a) Constant susceptor width b) Variable susceptor width

]

d) Close-up view of b)

Figure 6.14 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
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Optical microscopy images of the printed susceptor layer reveal similar results to the
susceptor films presented in Figure 6.15. Porosities are still visible, especially towards the
edges of the variable width layers (Figure 6.15b), 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 Figure 6.15c and d. This is an indication
of the good printability of the susceptor and of the correct selection of the printing
parameters. There is a bit too much printed materials, indicating that over-extrusion,

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 Figure 6.6. 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 Figure 6.15¢
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.
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b) Variable susceptor width
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—

Figure 6.15 Optical microscopy images of printed susceptor layer with (a) constant susceptor
width and (b) variable susceptor width. Pictures in (c) and (d) overlays the expected print
geometry in dashed white lines on the pictures (a) and (b). Picture (¢) in a close-up view of
the interface between the PEI honeycomb and the PEI/Ni susceptor layer

6.4.4 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. This is lower than the
welding speeds presented in Chapter 5: as less susceptor material is present at the welding

interface with a printed susceptor compared to a film susceptor, there is proportionally less
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heat generation. Also, as previously observed with the induction heating results, the printed

susceptor has a slightly lower heating rate due to its porosities.

The observations made on the 6 welded samples are summarized in Table 6.1. For the
variable width susceptor layer, a good weld was obtained at 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
overheat 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 process, is conducted to the rest of the structure. Therefore, when
the coil reaches the areas farther in direction of the back edge, the sample is already hot,
which changes the initial temperature and allows the susceptor to reach higher temperatures

after application of induction heating, therefore inducing core crushing.

On the other hand, the constant width susceptor layer presents good weld at 0.1 and
0.15 mm/s. When welded at 0.2 mm/s, the sample detached by itself when opening the
vacuum bag after the process. In Table 6.1, 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.

Table 6.1 Summary of the welding of honeycomb cores incorporating a printed susceptor

layer
Welding speed [mm/s]
0.1 0.15 0.2
Constant t
ons an. suseepror Good weld Good weld No weld
width
. Slight
Variabl t
ana e. suseeptor overheating/core Good weld Good weld
width )
crushing

Welded samples are characterized similarly as in Chapter 5, with optical microscopy

observations of the welded profile and FWT mechanical tests. Optical microscopy images of
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samples welded at 0.1 mm/s with both susceptor layer configurations are presented in Figure
6.16. Deformation of the deposited susceptor layer and of the top of the cell walls is clearly
visible. As expected from the observations in Table 6.1, more deformation occurred in the
variable width susceptor layer (Figure 6.16b), 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 seem 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 representation of the importance of

properly calibrating the two printing heads.

a) Constant susceptor width

b) Variable susceptor width

Figure 6.16 Welding profile of printed susceptor layers with (a) constant susceptor width and
(b) variable susceptor width. The white scalebar represents 1 mm in each picture

Skin/core strength is evaluated by performing FWT tests on the welded sandwich panels
(Figure 6.17). 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 insufficient. Samples welded at 0.15 and 0.1 mm/s exhibit a similar strength (around
1.8 MPa). The failure mode in these two samples is cohesive in the susceptor layer (Figure
6.18a 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
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strength with that material. On the other hand, samples welded with a variable susceptor
width exhibit higher strength. The sample welded at 0.2 mm/s reached equivalent strength as
the two successful welds with the constant susceptor width, despite the higher speed. It also
exhibits a similar cohesive failure (Figure 6.18e). Then, the sample welded at 0.15 mm/s
broke at approximately 11.4 kN, which corresponds to a skin/core strength of 4.6 MPa. Plus,
as visible in Figure 6.18d, the failure mode is mostly core failure, indicating the high strength
of the weld compared to the printed core. Finally, the sample welded at 0.1 mm/s could not
be evaluated as failure occurred in the adhesive layer between the sample in the steel block.
This is mostly caused because an incomplete bonding was reached as the surface of the
sample is not flat due to the crushed core. As visible in Figure 6.18c, the adhesive was only
able to cover about two thirds of the surface, which reduced its resistance during FWT tests

and lead to an early failure.
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Figure 6.17 Skin/core strength versus welding speed, obtained by FWT tests on sandwich
samples welded with printed susceptor layer. The solid black diamond represents the sample
that failed in the core
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c) Variable width & 0.1 mm/s d) 0.15 mm/s e) 0.2 mm/s

Figure 6.18 Fractured FWT samples welded with (a) and (b) constant susceptor width and
welding speed of 0.1 and 0.15 mm/s, respectively (no welding was obtained at 0.2 mm/s),
and (c), (d) and (e) variable susceptor width welding speed of 0.1, 0.15 and 0.2 mm/s,
respectively

These preliminary results provide valuable information, although they are based on only one
sample per welding configuration (susceptor layer geometry and welding speed). First, the
printed susceptor layer requires a slower welding speed to reach sufficient welding, between
0.1 and 0.2 mm/s compared to 0.5 to 1.0 mm/s for susceptor films. However, it is possible to
obtain high strength and reach core failure with printed susceptor, showing that this material
has the capability to weld the samples. 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, 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 optimized (reduced overall layer thickness, Ni particles
concentration, etc.). The combination of larger contact surface area and larger heat

generation explains the higher strength reached with the variable susceptor width. Despite the
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large porosities observed in Figure 6.16b, the welded skin/core strength is still larger than the

tensile strength of the core, where failure ultimately occurred.

When looking at the samples welded with a constant printed susceptor 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, 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 mechanically 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 level
would also increase the heating rate, as discussed in 6.4.2. 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 increase the degree of welding, meaning that
0.15 mm/s is the optimal 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 temperature of Ni. Finally, sources of improvements are not in
the welding parameters but mostly in the materials development, by reducing the porosity

level, selecting the optimal susceptor layer geometry and thickness, and its Ni content.
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7.1 Abstract

A method to assemble sandwich panels made of carbon fibre reinforced poly-ether-ether-
ketone (CF/PEEK) facesheets and 3D-printed poly-ether-imide (PEI) honeycomb cores using
induction welding is presented. Heating patterns inside CF/PEEK laminates of variable
dimensions are first evaluated with a thermal camera and compared to a COMSOL
Multiphysics model. The good agreement between the measurements and the simulations
indicates that the model can be used to predict heat dissipation. Sandwich samples are then
prepared by vacuum-assisted continuous induction welding under conditions recommended
by the modelling efforts. Facesheets do not deconsolidate in the process and core crushing is
avoided. Flatwise skin/core strength of the welded samples reaches up to 7 MPa, above

reported performance for thermoset or thermoplastic composite sandwich panels.

7.2 Introduction

Thermoplastic composites are gaining traction in the aerospace and automotive fields due to

their unlimited shelf life, their weldability, and their recyclability (Ageorges et al., 2001).
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Welding in particular is increasingly used in various fields to assemble thermoplastic
composite parts. Various welding methods exist, relying on thermal, friction or
electromagnetic mechanisms to generate heat at the joining interface (Yousefpour et al.,
2004). Amongst these, ultrasonic welding, resistance welding and induction welding are the
most used methods and are already implemented in industry (Van Ingen et al., 2010). They
all present advantages and limitations, which makes them complementary. In the present
study, the focus is placed on induction welding as a joining technique to fabricate

thermoplastic composite sandwich panels.

7.2.1 Induction welding

Induction welding relies on the application of an alternating magnetic field on the joining
interface to melt or soften the surrounding thermoplastic polymer. Heat can be generated at
the interface by two different mechanisms: induced eddy currents in electrically-conductive
materials (Ahmed et al., 2006; Bayerl et al., 2014; Yousefpour et al., 2004), or hysteresis
losses in magnetic materials (Martin et al., 2022; Suwanwatana et al., 2006a; Wetzel & Fink,
n.d.). When needed, a heating element called a susceptor can be placed at the interface to
localise the heat generation. This is required when welding non-conductive composites, such
as those made of glass or natural fibres, which do not possess the ability to heat up by
induction. Due to their good electrical conductivity, carbon fibre reinforced thermoplastic
composites can be welded without using a susceptor, in a process known as susceptor-less
welding (Bayerl et al., 2014; Kane et al., 2020; Mitschang et al., 2002; Rudolf et al., 2000).
As an alternating magnetic field is applied to the laminate, eddy currents are induced in the
carbon fibres, which heat up due to the Joule effect. Three main mechanisms are responsible
for the heat dissipation inside the laminate (Ahmed et al., 2006; Barazanchy & van Tooren,
2023; Bayerl et al., 2014; Yarlagadda et al., 2016). First, the heat is generated by the Joule
effect as current circulates in the fibres. Secondly, at the intersection of fibres — typically
between two non-parallel plies in laminates composed of unidirectional layers, or at the

junctions of fibres in woven fabrics — heat is generated by contact resistance or, thirdly, by
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dielectric heating when a thin layer of polymer stands in between the two fibre tows. Those

mechanisms all contribute to the induction heating of laminates.

There is one important drawback to using the susceptor-less method: when eddy currents are
induced in an electrically-conductive material, the formed current paths are loops. When the
induction coil approaches the edges of the material, these loops are compressed, locally
increasing the current density and inducing high heat generation at the edges (edge effect)
(Ahmed et al., 2006; Barazanchy, Pandher, et al., 2021). This phenomenon, schematized in
Figure 7.1, causes inhomogeneous heating at the joining interface and must be minimized.
Different propositions have been made to reduce this effect, such as for example placing a

conductive bypass material at the edges of the parts (Hagenbeek et al., 2018).

Edge
effect :

Eddy currents

a) No edge effect b) Edge effect

Figure 7.1 Scheme of eddy currents distribution in an electrically-conductive material (a)
without and (b) with edge effects due to induced eddy current loops concentration

7.2.2 Modelling of laminate heating by induction

Understanding and predicting the temperature distribution in a laminate to be welded is
critical to ensure the good quality of the weld. As explained, different mechanisms impact
heat generation, and variation of local parameters such as the distance between fibres can
affect the heating rate. To avoid modelling the matrix and the fibres individually, various

studies apply the simplifying assumption that the laminate behaves as a macroscopic
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homogenous conductive material with equivalent anisotropic properties (Duhovic,
L’Eplattenier, et al., 2014; Hoffman et al., 2023; Lionetto et al., 2017; Moser, 2012;
O’Shaughnessey et al., 2016). This considerably reduces the calculation time of the models.
The in-plane electrical conductivity of a carbon fibre-based laminate is a critical parameter to
simulate the induction heating as it controls the temperature distribution in the sample
(Grouve et al., 2020). It can be estimated from the electrical conductivity of the carbon fibre
itself, depending on the fibre volume fraction and the ply orientation sequence in the
laminate. The rule of mixture (Equation (7.1)) can be used to calculate the longitudinal
electrical conductivity of a ply g (in the direction of the fibres) (Grouve et al., 2020):

0o =05V + 0y (1—v) = 07 - vy (7.1)
With of and oy, representing the fibre and matrix electrical conductivity, respectively, and vy

the fibre volume fraction. As a;,, < o, the second term of the addition can be neglected. The

transverse electrical conductivity agqq is also very small compared to the longitudinal one and
can be neglected. Then, the electrical conductivity of the laminate is calculated by
considering the orientation of each ply. In a [0,90]>s laminate, half of the plies are in the x-
direction and the other half in the y-direction, which means the equivalent electrical
conductivity will be equal in both directions. The electrical conductivity in the x-direction
can be calculated using Equation (7.2):

0o =05V + 0 (1 —vf) = 07 - vy (7.2)
With f, representing the fraction of plies in the x-direction. In the case of a [0,90]2s laminate
(fy =0.5) with a fibre volume fraction of 60%, the electrical conductivity of the laminate

equals 0.3 times the fibre electrical conductivity.

Recent work from Van den Berg et al. showed the 6-probe method to be an efficient and
reliable way to measure the in-plane anisotropic electrical conductivity of a laminate (Van
den Berg et al., 2023). Their work also concluded that the rule of mixture based on the
carbon fibre conductivity provided a good approximation of the electrical conductivity of the
composite laminate, which is why it is retained in this paper.

A wide range of values for the carbon fibre electrical conductivity have been reported in the

literature, depending on the fibre type and the measurement method. This variability impacts
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the equivalent electrical conductivity of the laminate. The electrical conductivities of Tenax
HTS45 and other commercially available carbon fibres are summarized in Table 7.1, also
presenting the corresponding laminate electrical conductivities, based on Equation (7.2). It
appears that there is variability in the reported values, but a range between 16000 and

22000 S/m seems to be reasonable.

Table 7.1 Electrical conductivity values for carbon fibres and laminates from the literature

Equivalent [0,90]2s
Carbon fibre | Fibre electrical laminate electrical References
type conductivity [S/m] | conductivity (v = 60%)
[S/m]
(Teijin Carbon
Tenax HTS45 | 66667 20000 America, Inc., 2019)
M7 67114 20134 (Jietal., 2022)
AS4 64935 19481 (Jietal., 2022)
AS4 59000 17700 (Grouve et al., 2020)
(Toray Composites
T1000G 71429 21429 Materials America,
Inc., 2024)
(Toray Composites
T700S 62500 18750 Materials America,
Inc., 2018b)
(Toray Composites
T300 58824 17647 Materials America,
Inc., 2018a)
T300 55556 16667 (Gaier et al., 2003)

The main limitation of this approach is that it does not consider the interactions between non-
parallel carbon fibre plies. It has been demonstrated that the number of 0°/90° interfaces in
the laminate affects the induction heating. For example, a [0,90]2s and a [02,90;2]s laminate
have the same amount of fibres in each direction and the same equivalent electrical
conductivity is obtained using the presented rule of mixture (Equation (7.1)), but they will
not heat up the same way, since there are more 0°/90° interfaces in the [0,90]2s assemblies

(Martin, Johansson, et al., 2023). To correctly predict the heat generation, it is therefore
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necessary to use a microscale model, which considers each ply separately and calculates their
interactions (Barazanchy, Van tooren, et al., 2021; de Wit et al., 2023; Hoffman et al., 2023;
H. J. Kim et al., 2003). These models are more precise but more complicated to implement
and more calculation-intensive than those using the equivalent homogeneous material

approximation.

7.2.3 Sandwich structures

Sandwich structures are used in some applications where a high bending stiffness and low
weight are required. They are composed of two skins — or facesheets — at the top and bottom
of a low-density core, which can be a cellular structure (honeycomb, corrugated, etc.) or a
foam (Castanie et al., 2020). The skins are typically made of carbon fibre reinforced
thermoset composites or aluminium. The cores can be made of a large variety of materials
and geometries, from Nomex and aluminium honeycombs to polymeric foams. The skin-core
assembly, which is required to transfer the loads across the structure, is usually accomplished
through adhesive bonding. Recently, the interest for all-thermoplastic sandwich panels has
been growing, as these materials present the advantages of being potentially repairable and
recycled (Barroeta Robles et al., 2022; Pegoretti, 2021). However, the use of thermoplastic
polymers requires adapting the skin-core joining method, as adhesive bonding usually
requires extensive surface preparation and can lead to low mechanical properties (Ageorges

& Ye, 2002).

The use of welding for this joining step is evaluated as an alternative. It is reported that the
assembly of sandwich structures by thermoplastic welding can by done in two ways:
isothermally, where the pressure is applied during heating of the parts, and non-isothermally,
where the parts are first heated, then transferred to a secondary device in which pressure is
applied to consolidate the parts together (Skawinski et al., 2004). The pressure is applied by
placing parts in a vacuum bag (Brooks et al., 2008; Griinewald et al., 2018; Pappada et al.,
2010), by compression moulding in a hot press (Akermo & Astrém, 2000b; Latsuzbaya et al.,
2023; Rozant et al., 2001) or by double-belt lamination (Trende et al., 1999; Xinyu et al.,
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2009). In these methods, either the whole part is heated up, making the core prone to collapse
under the applied pressure and causing the facesheets to deconsolidate, or heat is lost during

parts transfer when laminates skins are heated up separately, requiring them to be overheated.

In a previous work from the authors, glass fibre thermoplastic composite facesheets were
joined to a thermoplastic polymer core by induction welding, using a hysteresis-losses
susceptor placed at the interface between the skins and the (Martin et al., 2024). In that case,
heat was generated directly at the joining interface instead of across the complete structure.
This method demonstrated the advantages of welding as a joining technique to manufacture
sandwich panels. The use of a susceptor was necessary to join glass fibre facesheets. In the
case of carbon fibre facesheets, a susceptor located at the weld interface may not be
necessary because it would be possible to heat up the carbon fibre directly. In such a case, the
facesheets would likely be heated across their entire thickness, as opposed to a local heating

at the joint interface when a susceptor is used.

The goal of the present study is to join skins made of carbon fibre reinforced poly-ether-
ether-ketone (CF/PEEK) laminate to a honeycomb core made of poly-ether-imide (PEI). The
induction heating behaviour of the laminate must first be analyzed to determine the induction
welding parameters that can be used to weld the facesheets to the core, in order to produce
sandwich panels. As edge effects, and therefore overheating that could lead to core crushing,
are expected at the edges of the panels, it is proposed to increase the sandwich skin
dimensions compared to the core of the sandwich structure to be welded. This will reduce
edge effects — or localise them in the sacrificial skin length — and allow for a more
homogeneous temperature distribution along the weld line with the core. As previously
demonstrated, the use of the Thermabond process on the sandwich skins can be applied to
sandwich structures (Grilinewald et al., 2017a). This method consists in co-consolidating a
layer of PEI at the surface of the CF/PEEK laminate (Cogswell et al., 1989; Smiley et al.,
1991), which is possible due to the miscibility of PEEK and PEI (Hsiao & Sauer, 1993). This
allows welding to occur at temperatures in the range of 280 to 300°C, i.e., lower than the

melting point of PEEK (343°C). Remaining below the PEEK melting temperature reduces
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the risk of core crushing and skin deconsolidation while ensuring skin-core PEI-PEI joining

by thermoplastic welding (Griinewald et al., 2017a).

The induction heating of CF/PEEK skins of various dimensions is first characterized
experimentally and compared to a finite element model, to verify its accuracy and its
capability to predict heat generation and the temperature distribution in the laminates. Then,
3D-printed PEI honeycomb cores are assembled to the CF/PEEK thermoplastic composite
skins comprising a layer of PEI at their surface using the vacuum induction welding
technique (Martin et al., 2024) without a susceptor, i.e., by direct heating of the skins’ carbon
fibre. Finally, the quality of the weld is assessed by testing the sandwich panels under the

flatwise mechanical tensile test and the failure modes are reported.

7.3 Methodology

7.3.1 Samples manufacturing

PEEK is selected as the composite matrix due to its high mechanical properties and high
service temperature, and because it was used in previous studies reported in the literature,
alongside other poly-aryl-ether-ketone polymers such as poly-ether-ketone-ketone (PEKK).
PEI was retained due to its compatibility and miscibility with PEEK (Hsiao & Sauer, 1993),

and because it exhibits a processing temperature inferior to the melting point of PEEK.

Composite laminates are manufactured using CF/PEEK unidirectional prepreg (Tenax®-E
TPUD PEEK-HTS45 from Teijin) in a [0,90]2s lay-up sequence (Teijin Carbon America,
Inc., 2020). The consolidation is done by compression moulding in a hot press for 20 min at
380°C and 2 MPa. The resulting 8-ply laminates exhibit a thickness of 1.1 mm. They are cut
into 5 cm-long samples of various widths. These samples are to be heated by induction to

obtain their surface temperature distribution as a function of time.
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Similar samples are produced to be induction-welded to thermoplastic polymeric cores. They
are made of the same CF/PEEK lay-up with an additional 100 pum-thick layer of PEI at the
surface, based on the Thermabond process (Cogswell et al., 1989; Smiley et al., 1991). Thus,
the resulting laminate presents a co-consolidated surface layer of PEI in the area that is
welded to the PEI core. The PEI layer is added at the surface of the laminate during the
consolidation process, which would have to take place in all cases to produce the composite
laminate sandwich skin. The addition of PEI does not add a process step, which would

increase the manufacturing time and cost.

The honeycomb cores are manufactured by 3D-printing using an AON3D M2 printer
equipped with a 0.4 mm nozzle. The samples have a surface of 5 cm by 5 cm and a height of
11 mm, including a 1 mm thick bottom skin, also 3D-printed from PEI. Hexagonal
honeycomb cells have a side length of 4 mm. The cell wall thickness is 0.8 mm. The material
used for 3D-printing is an ULTEM 1010 filament with a 1.75 mm diameter (3DxTech). The
nozzle temperature is fixed at 390°C, the printing bed at 160°C and the printing chamber at
135°C. The layer height is 0.2 mm, and the printing speed 30 mm/s. Nano-polymer adhesive
(Vision Miner) is applied onto the printing bed to improve part’s adhesion and minimize

warping. The complete sandwich structure to be welded is summarized in Figure 7.2.
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Figure 7.2 Scheme of a sandwich sample, with close-up view on (a) the composite facesheet
made of CF/PEEK laminate with a co-consolidated PEI layer, (b) an optical microscopy
cross-section image of the facesheet, with the co-consolidated PEI layer highlighted by the
white line, (c) the 3D-printed PEI honeycomb core with the cells dimensions, and (d) an
optical microscopy cross-section image of the printed core

7.3.2 Static induction heating

To characterize the induction heating of CF/PEEK skins, a tailored setup (Figure 7.3a/b)
including a hairpin copper coil equipped with a magnetic field concentrator (MFC) is
used (Martin, Figueiredo, et al., 2023b). The sample is placed on a Kapton film that keeps it
suspended above the coil at coupling distance of 4 mm. A FLIR A700 thermal camera
records the thermal evolution of the static sample during a heating period of 90 s. The
alternating current amplitude is varied in the range of 50 A to 100 A, and the frequency is
automatically adjusted by the generator to match the resonance frequency of the system. This
frequency depends on the current, the size of the MFC, the coil geometry and the interaction

with the sample.

The emissivity of the laminate is determined by heating up a sample on a heating plate, and
by recording the temperature at the surface simultaneously with a thermocouple and the

thermal camera, initially with an emissivity set at 1. The emissivity is then reduced until the
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reading of the thermocouple and the thermal camera are matching, which happens with an
emissivity of 0.95 in this case, which corresponds to what was reported in the literature

(Mitschang et al., 2002).

The temperature distribution on the surface facing the thermal camera (opposite to the
induction coil) is first extracted from thermal camera imaging. Then, the temperature
distribution is measured along three lines of interest on the sample, as presented in Figure
7.3c: the center profile temperature (in green), the center width profile (in red) and the 5 mm
width profile (in blue, which is parallel to the central width but 5 mm away from the center

of the induction coil.

Thermal
camera

i

z

Sample

————

a) General view

"% Th

b) Side view

L .

c) Top view

Figure 7.3 Scheme of the static induction heating setup. (a) General view of the setup, with
the thermal camera located above the sample to record temperature evolution. (b) Side view
showing the induction coil profile. The distance between the sample and the coil is defined as
the coupling distance. (c) Top view of the setup as seen by the thermal camera, with the three
lines of interest highlighted in green (center profile), red and blue (center and 5 mm width
profiles)



154

7.3.3 Induction heating finite element model

A 3D finite element model of the induction heating process is developed using the COMSOL
Multiphysics 6.1 software. The model simulates the electromagnetic field around the coil and
the heat generation in the carbon fibre composite laminate located above the coil. The
magnetic field amplitude is calculated first in the frequency domain and kept constant during
the duration of the simulation. This reduces the calculation time compared to recalculating
the magnetic field at each time step. Then, heat transfer is modelled in a subsequent time
dependant step. Coupling between the two physics is done by considering the
electromagnetic losses due to the induced eddy currents in the magnetic step as the heat
source of the heat transfer step. Heat conduction inside the laminate and heat dissipation
through radiation and convection on the laminate’s boundaries are imposed using the surface-
to-ambient qo = £6(Texi*-T*) and the convective heat flux qo = h(Tex-T) boundary conditions,
respectively. This allows to calculate the temperature evolution inside the laminate over time.
The geometry of the model, reproducing the induction heating setup schematized in Figure
7.3a, is presented in Figure 7.4. A mesh composed of free tetrahedral elements is
automatically generated by COMSOL Multiphysics. The PARADISO implicit direct solver

is used for this simulation, and the maximum calculation time step is set at 2 s.
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Figure 7.4 3D geometry of the static induction heating setup model in COMSOL
Multiphysics

The different materials properties used in the model are reported in Table 7.2. The thermal
conductivity of the CF/PEEK laminate is considered as temperature-independent (Ageorges
et al., 1998a). Temperature-dependent density and specific heat capacity are modelled as
reported in the literature (Holmes & Gillespie, 1993). As presented in the introduction, the
homogenized in-plane electrical conductivity of the laminate is an important property to
obtain reliable induction heating simulations. As the electrical conductivity of the TENAX-E
HTS45 carbon fibre used in this work has not been characterized, a first induction heating
measurement is employed to define the equivalent electrical conductivity of the laminate and
“calibrate” the model for the tested laminate configuration. The obtained value then remains
unchanged for the remaining simulations. As the [0,90]>s laminate is symmetric and
balanced, with half the fibres in the 0° and the other half in the 90° directions, the equivalent
electrical conductivity of the laminate is the same for both fibre directions in the plane. The

convection coefficient is fixed at 5 W/m-K (Holmes & Gillespie, 1993) and the emissivity at
0.95 (Mitschang et al., 2002).
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The potential heating of the coil and the MFC, which might affect the magnetic field
generation and the laminate heating are neglected. Indeed, these contributions are minimal in
the current amplitude range used in the experiments as the coil is water-cooled, which also
cools down the MFC. Consequently, the temperature evolution is only calculated in the

laminate samples, and not in the coil, the MFC or the surrounding air.
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Table 7.2 Materials properties used in the COMSOL Multiphysics induction heating

simulations
CF/PEEK [0.90]:s | Copper coil | Miagneticfield o
concentrator
1600 (at 25°C)
(Holmes & Gillespie,
Density [kg/m’] | 1993) - - -
Density as f(T) is
used in the model
860 (at 25°C)
. (Holmes & Gillespie,
Specific heat
c:pacity 1993.) ) - - -
[/ke K] Specific heat capacity
as f(T) is used in the
model
3.5 (in-plane)
Thermal (Ageorges et al.,
conductivity 1998a) - - -
(W/m-K] 0.335 (out-of-plane)
(Ageorges et al.,
1998a)
Electrical 6e7 6.66¢-3 | (Duhovic
.. Defined based on (Duhovic, y
conductivity . , . (O’Shaughnessey | L’Eplattenier,
(S/m] experimental results | L’Eplattenier, etal., 2016) etal., 2014)
et al., 2014)
Magnetic I (Grouve et al., 1 ,(Duhovic., 16, 1 ’(Duhovic.,
relative 2020) L’Eplattenier, | (O’Shaughnessey | L’Eplattenier,
permeability [-] etal., 2014) | etal., 2016) etal., 2014)
Electcrical 3.7 (Grouve et al., 1 ’(Duhovic‘j, 1 ’ 1 ’(Duhovi(f,
relative 2020) L’Eplattenier, | (O’Shaughnessey | L’Eplattenier,
permittivity [-] etal.,2014) |etal., 2016) et al., 2014)

7.3.4

Continuous induction welding setup

To weld CF/PEEK skins to 3D-printed honeycomb cores, pressure must be applied on the

sample during heating and cooling to ensure the complete development of the welding
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degree. In this study, vacuum induction welding (Vac-IW) is used (Martin et al., 2024). To
ensure the continuous application of pressure throughout the process, the sample is placed
inside a vacuum bag. Then, the induction coil moves linearly relative to the sample at a
constant speed and progressively heats up the skin and the core located close to the interface.
The sample is kept under pressure after the passage of the coil for 10 min to ensure the
temperature is getting below the glass transition temperature of PEI. The applied atmospheric
pressure (0.1 MPa), which would be insufficient for properly welding or consolidating high
performance thermoplastic composites, is here taken by the walls of the core cells. The
pressure taken by the core cell walls corresponds to an approximate value of 0.5 MPa, which
is in the range of adequate welding pressures for thermoplastic composites. This value is
obtained by assuming that the core cell walls, which are covering around 20% of the core
surface area, are supporting the totality of the applied pressure, increasing the effective

pressure on the weld line to 0.5 MPa.

7.3.5 Sandwich structures characterization

Two types of characterization are conducted on the welded sandwich structures. First, the
skin/core welding interface is observed by optical microscopy (Olympus GX51) to verify that
a complete contact between the skin and the core was reached, and to analyze the amount of
deformation at the top of the cell walls. Then, skin-core strength is measured by performing
flatwise tensile (FWT) tests, following the ASTM C297 standard. A Hysol EA9696 epoxy
film is used to bond the steel blocks to the sandwich samples to perform the FWT
measurement. Finally, visual fracture analysis is used to assess the type of failure at the
joining interface and the quality and homogeneity of the weld. If the visual analysis of a
fractured sample reveals that a printing defect was present and caused an early core failure,

the sample is discarded and not considered in the FWT results.
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7.4 Results

7.4.1 Experiment-derived electrical conductivity

The first induction heating measurement is performed on a 5 cm by 10 cm laminate sample
induction-heated with a current amplitude of 50 A. The temperature along the center profile
line is extracted from the thermal camera measurements every 10 s for 90 s. Considering a
conductivity of 22000 S/m allows to obtain the closest correspondence between the
experimental and the simulation curves, as shown in Figure 5. This is in agreement with the
expected electrical conductivity of the Tenax HTS45 fibre reported in Table 7.1. The general
shape of the curve in the model matches with the experimental results, and the evolution with
time also corresponds very well. Therefore, the electrical conductivity of the CF/PEEK

laminates is fixed at 22000 S/m for all the other simulations.

This value for the equivalent homogeneous electrical conductivity of the laminate is 10%
higher than the one presented in Table 7.1 for the same fibre. As discussed, the difference
between the two values might be caused by the fact that the rule of mixture does not consider
any heating mechanism at the point of contact between non-parallel fibres. This region also
generates heat through contact resistance or dielectric heating, which probably explains why
a larger apparent electrical conductivity is observed. The 10% error can also be attributed to
uncertainties in the thermal model (magnetic field amplitude, convection coefficient,

emissivity) or also to the experimental measurements conducted with the thermal camera.

The model diverges slightly from the experimental results on the edges as time and
temperature increase. The model boundary conditions at the edges or the meshing in that area
might be responsible for the difference. This should be addressed to obtain a more reliable
model, but is satisfactory for purposes of the present study, as the general shape and

evolution of the temperature profile is correctly predicted.
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Figure 7.5 Induction heating of a 10 cm by 5 cm laminate under a 50 A current amplitude.
The measured temperature along the center profile of the sample is reported every 10 seconds
for 90 seconds and compared to the model’s results

7.4.2 Current amplitude influence on induction heating

The experimental temperatures reached during induction heating under current values of
50 A, 63 A, 75 A and 100 A are presented in Figure 7.6 as a function of the location along
the length of the CF/PEEK laminates. These current amplitudes were selected after
preliminary tests which showed that the melting point of the PEEK matrix was not reached at
50 A, but that a large surface of the laminate was molten and deconsolidated at 100 A.
Intermediate measurements conducted at 63 A and 75 A are then added to observe the
evolution of the temperature profile under varying field amplitude and validate that the
model could follow this change. The temperatures along the center profile line are extracted
every 10 s during the 90 s of heating. As expected, it appears that a higher current amplitude
leads to a higher temperature induced by eddy currents. The maximum recorded temperature
after 90 s of heating is 225°C at 50 A, 298°C at 63 A, 362°C at 75 A and 435°C at 100 A.
Both the samples heated at 75 A and 100 A reached the melting point of PEEK (343°C).
Signs of deconsolidation are visible on these two samples after the heating test, as presented

in Figure 7.7. As explained, it is preferable to avoid reaching the melting point of PEEK to
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prevent laminate deconsolidation. Thus, a current amplitude of 100 A is too high in that
configuration and should be avoided. On the other hand, the welding temperature of PEI
(around 270-280°C minimum) was not reached under a current of 50 A. Therefore, an

electrical current in the range of 63 A to 75 A should be acceptable to perform induction

welding with these CF/PEEK laminates.
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Figure 7.6 Induction heating of 10 cm by 5 cm laminates under varying current amplitudes.
The measured temperature along the center profile of the sample is reported every 10 seconds
for 90 seconds
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b) 100 A |

Figure 7.7 Pictures of samples heated by induction under a current of (a) 75 A and (b) 100 A
after 90 s. The green line highlights the location of the temperature profile reported in Figure
7.6. The areas where the CF/PEEK laminate deconsolidated are highlighted with the red
dotted lines

The experimental temperature curves are then compared with those predicted by the finite
element model. Figure 7.8 shows a comparison between the simulation and the experiments
after 90 s of heating under the various electrical current amplitudes. The model captures well
the heating behaviour of the laminates, with some previously noted deviations close to the
edges. The 75 A sample presents an asymmetrical curve, showing there might be some
defects like fibre misalignment in the right side of the part. The left side of the curve on the
other hand fits well with the model. Considerable disagreement is seen in Figure 8 between
the model and the experiment when the laminate reaches high temperatures (e.g. 100 A
curve). As shown above, the high 100 A current amplitude led to deconsolidation of the
CF/PEEK laminates after 90 s, as shown in Figure 7.7. Once deconsolidation occurs, the heat
generation and heat transfer are affected because the carbon fibre plies are no longer in

physical contact, which reduces the eddy current generation in the laminate as well as the
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heat conduction in the thickness of the laminate. In that situation, the model is no longer

representative of the heating mechanisms and heat transfer in the laminate.
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Figure 7.8 Induction heating of 10 cm x 5 cm laminates under varying current amplitudes.

The temperature distribution along the center profile line is reported. Only the temperature

after 90 s is shown for clarity. Experimental measurements (dashed lines) are compared to
simulations (solid lines)

7.4.3 Impact of the sample width on the temperature profile

The second part of the induction heating characterization consists in observing the
temperature profile along the width of the CF/PEEK laminate, for varying sample widths.
Varying the width of the samples is expected to impact the edge effects. Measurements are

conducted at 50 A to avoid deconsolidating the samples, thus allowing reuse.

First, the complete temperature field recorded by the thermal camera after 90 s is presented in
Figure 7.9. One can notice the presence of important edge effects in the 5 cm-wide and the

6.25 cm-wide sample (areas of high temperature located close to the edges, as highlighted by
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the blue circles in Figure 7.9). Some edge effects are also visible for the 7.5 cm-wide sample
while larger samples did not produce any visible edge effects. The reduction and elimination
of edge effects is caused by the fact that the MFC remains 5 cm-wide, which means that
wider samples do not have their edges close to it anymore, but rather in areas where the
magnetic field amplitude is lower. The model correctly predicts the temperature distribution
in the laminate samples during induction heating. It can adapt to the change of width and
anticipate the elimination of the edge effects for larger samples with the heat concentrated in

the center of the laminates.
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Figure 7.9 Temperature distribution on the CF/PEEK samples surface under a 50 A current
for varying samples widths. Experimental results as recorded by the thermal camera are
compared to simulations. Edge effects are highlighted by the blue circles. The induction coil
is located behind the samples and is orientated vertically
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Then, the center line profile temperature distribution (Figure 7.3¢ green line) is analyzed. As
observed in the dashed line of Figure 7.10, it appears that the maximum temperature reached
on the samples decreases as the width decreases, from 224°C for a 10 cm wide sample down
to 188°C for a 5 cm wide sample. This decrease in temperature indicates that a slower
welding speed or a higher current amplitude will be required to weld those narrow skins. The
curves are then compared to the simulated temperature distributions (solid lines in Figure
7.10). The blue curve was used in Figure 7.5 to calibrate the model. It appears that the model
can correctly predict the variation of temperature observed experimentally, which would help

predict the impact of changing the laminate dimensions.
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Figure 7.10 Induction heating of laminates under 50 A current amplitude for varying sample
widths. The temperature distribution along the center profile is reported. Only the
temperature after 90 seconds is shown for clarity. Experimental measurements (dashed lines)
are compared to simulations (solid lines)

Finally, temperature is extracted for both width profile lines of interest (red and blue in
Figure 7.3c) and the results are presented in Figure 7.11. The x-axis is fixed at zero for the
left edge of the 5 cm-wide sample, and the wider samples are centered compared to it. This
gives more clarity to compare the samples among themselves. The length that would be

welded to the honeycomb core is then located between 0 and 5 mm on the x-axis. It appears
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that there is a significant change of curvature. As it was observed on the temperature
distributions (Figure 7.9), edge effects are reduced when the width of the sample increases.
The objective is to have a more homogeneous temperature distribution along the width of the

sample during the induction welding process.
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Figure 7.11 Induction heating of laminates under 50 A current amplitude for varying sample
widths. The temperature distribution along both width profiles is reported. Only the
temperature after 90 seconds is shown for clarity. Experimental measurements (dashed lines)
are compared to simulations (solid lines)

These results confirm that the 5 cm-wide skin seems unfavorable for sandwich structures of
similar width, as it would be impossible to prevent the edge effects and the related non-
homogeneous degree of welding along the width. The same observation can be made for
large skins (8.75 and 10 cm-wide), which lead to more heat generation in the center of the
laminate, inducing a lower degree of welding close to the edges. Therefore, out of the
presented curves, it seems that 6.25 cm and 7.5 cm-wide samples exhibit the most favorable

heating behaviour with the most homogeneous temperature distribution along the width.
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The temperature distribution along the lines of interests of the samples is also calculated with
the model to verify its accuracy. The curves are compared with the presented experimental
results. For the center profile as shown in Figure 7.10, the model can correctly predict the
reduction of the temperature at shorter widths. The shape of the temperature profile is also
correctly predicted, which further confirms the quality of the model. For the width profile,

the model diverges from the experimental results when getting farther away from the center.

7.4.4 Optical microscopy on welded sandwich structures

The welding lines of the induction welded sandwich samples are first observed by optical
microscopy, with a focus on the evolution of the cell wall deformation at the point of contact
with the skin. This is the point where heat is generated and where welding occurs. Figure
7.12 presents the optical micrographs of the sandwich cross-section for samples welded with
skins width of 5, 6.25, 7.5 and 10 cm skins. 8.75 cm-wide samples are not further evaluated

as their heating profile is very similar to the 10 cm-wide ones.

With a 5 cm-wide skin, presented in Figure 7.12a, more heat was generated close to the edge
as this is where the cell wall is the most deformed. This agrees with the temperature
distribution observed by thermal imaging, resulting from edge effects. As expected, this
sample exhibits a non-homogeneous welding profile that will lead to non-homogeneous
weld. On the other hand, the opposite behaviour is observed in Figure 7.12¢, welded with a
7.5 cm-wide skin and Figure 7.12d, with a 10 cm-wide skin. The use of a wider skin leads to
more heat generation in the center of the sample and therefore more visible deformation in
that area. It even appears on the optical microscopy images that the laminate started to
deform in the center, highlighting the large heating induced in that region. Overall, the non-
homogeneity of the heat generation appears clearly in the samples with extreme skin widths.
It is expected that these samples will consequently exhibit a non-homogeneous degree of
welding along their width. The sample welded with a 6.25 cm-wide skin (Figure 7.12b)

exhibits the most homogeneous heating, as the deformation of the cell walls is similar on the
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four walls along the width. This also agrees with the thermal imaging results, which show

that the temperature profile with that skin width was the most uniform.

Decreasing the welding speed will allow previously less heated areas to be heated up enough,
letting them reach higher degree of welding. But at the same time, the other areas of the
sample will certainly overheat, leading to core crushing, as it started to be observed in Figure
7.12¢ and d, and skin deconsolidation. Non-homogeneity of the temperature distribution
cannot be compensated by adjusting the speed, which highlights the interest of correctly
choosing the skin’s width to provide a homogeneous temperature profile. Optical microscopy

results also confirm that choosing 6.25 cm-wide skins is appropriate.

Center —— — Wide edge

b)6.25cm

Center +—— — Wide edge

Figure 7.12 Optical microscopy images for sandwich samples welded by induction. The
welding profile is shown for samples with varying skin width: (a) 5 cm, (b) 6.25 cm, (c)
7.5 cm and (d) 10 cm. The left side of the figure correspond to the center of the welded
sample’s cross-section, while the right side corresponds to its wide edge. The cell walls that
faced overheated and crushing are highlighted by the dashed red circles. The deformed wall
layers are highlighted by the red arrows
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7.4.5 Skin-core strength

The skin-core strength of welded sandwich specimens is characterized by performing FWT
mechanical tests. The resulting skin-core strengths of the welded samples are reported in
Figure 7.13. Each data point on the graph represents one FWT test. Three samples were
tested for the higher strength samples (at 0.7 mm/s for the 6.25 cm-wide skins and at
0.8 mm/s for the 7.5 cm-wide skins) to validate the repeatability of the method. The optimal
welding speed is defined as the speed at which the highest skin-core strength is reached
without observing core crushing on the sample. Fractured sandwich samples are then visually
analyzed to observe the failure mode and the homogeneity of the degree of welding. One
representative sample for each skin’s width welded at optimal speed are presented in Figure

7.14.

It can first be observed in Figure 7.13 that, for a given skin’s width, reducing the welding
speed increases the maximum skin-core strength. This trend was expected as the laminate
spends more time under the induction coil at lower speed, therefore reaching higher
temperatures and maintaining them for a longer duration (Lionetto et al., 2017). Secondly, a
larger optimal welding speed is obtained with the use of wider skins. This corresponds to the
observation made in Figure 7.10 where it was seen that a wider skin leads to a higher

temperature in the laminate.

However, the use of 10 cm wide skins also leads to non-homogeneous heating, as observed
in optical microscopy images (Figure 7.12). It is also confirmed by observing the fractured
samples (Figure 7.14d), where it appears that the failure mode is adhesive close to the edges
with a transition to a core failure in the center, highlighting the higher degree of welding in
that area. The fraction of the surface where adhesive failure occurred (highlighted by the red
lines in Figure 7.14a) is evaluated at 43.5%. When the skin’s width is reduced to 7.5 and
6.25 cm, the optimal welding speed becomes smaller, but the maximum strength increases, as
a homogeneous heating and homogeneous degree of welding are reached at the skin/core

interface. When observing fractured sandwich samples (Figure 7.14b and c), it also appears
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that the failure mode is mostly core failure (95.6% and 89.6% of the surface in Figure 7.14b
and c, respectively), which tends to indicate that the dominant characteristic for the flatwise
tensile strength is the strength of the 3D-printed core itself. The weld surpasses the resistance
of the core, indicating its high quality. The experimental skin/core strength then decreases
again for 5 cm-wide skins, which once again is probably caused by a non-homogeneous
heating along the skin’s width, although it is less visible in Figure 7.14a. The adhesive failure
is reported on 18.9% of the surface on that sample. Based on the results, the 7.5 cm-wide
skins welded at 0.8 mm/s and the 6.25 cm-wide skins welded at 0.7 mm/s present the best
mechanical properties. The optimal choice would depend on the desired balance between the

welding speed and the amount of excess skin to be trimmed after welding.

Overall, the maximum measured skin-core strengths range between 5 and 7 MPa for the six
tested sandwich samples that were welded using 6.25 and 7.5 cm-wide skins. This is higher
than what is reported in different articles characterizing sandwich structures with flat-wise
tensile tests. Widagdo et al. (CF/epoxy skins bonded to glass fibres/phenolic resin
honeycomb core with FM-300 adhesive) and Hegde et al. (CF/cyanate ester skins bonded to
Kevlar/phenolic resin honeycomb core with epoxy film adhesive) reported maximum
strength between 5 and 5.2 MPa (Hegde & Hojjati, 2019; Widagdo et al., 2020). Butukuri et
al. (CF/epoxy skins to honeycomb core with FM-300 adhesive) reported similar strengths for
Nomex cores, and higher strengths only for aluminium cores (Butukuri et al., 2012). For
polymer-based sandwich structures, the presented vacuum induction welding method shows
higher results than other structures assembled by adhesive bonding, with the advantages of

minimal surface preparation and a shorter processing time.
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Figure 7.13 Skin-core FWT strength of induction welded sandwich structures as a function of
the welding speed. Each point represents one measurement. Dashed/dotted trend lines are
guides to identify more clearly each dataset. Core failure is indicated by filled black data

points

a) Skin’s width: 5 cm

b) 6.25 cm

c)7.5cm

Figure 7.14 Fractured induction welded sandwich samples. The samples were welded using a
skin’s width of (a) 5 cm, (b) 6.25 cm, (c) 7.5 cm, (d) 10 cm. The red lines correspond to the
surface areas where adhesive failure occurred
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7.5 Conclusion

This paper presents a susceptor-less method to join CF/PEEK skins to honeycomb cores
produced by 3D-printing. The heat generated inside the skin due to induced eddy currents
allows for the weld to happen. To handle the edge effects that are typically observed in
conductive materials during induction welding, it is proposed to add sacrificial length to the
CF/PEEK skin in which edge effects can occur, leaving the effective surface area of the skin

in contact with the core to experience homogeneous heating.

The heating behaviour of the laminate is observed by thermal imaging, validating the benefit
of using extra width on the skin to limit edge effects. A 3D model on COMSOL Multiphysics
is then presented to predict the temperature profile of the samples during the process, at
variable sample widths and induction current values. The good agreement between the
simulations and the experimental results shows that the COMSOL model can be used as a
tool to predict the impact of changing the current or increasing the sample dimensions. This
can help engineers minimize the number of trials necessary to characterize induction welding

and better predict the welding by induction.

Finally, induction welding of sandwich samples is performed to validate the assembly of
sandwich panels by induction welding. The application of the Thermabond process allows to
weld by induction at a lower temperature, avoiding deconsolidation in the facesheets and
reducing the risk of core crushing. Flatwise tensile tests show that higher skin-core strength
can be reached with this process, compared to other reported methods. Fracture analysis of
tested samples confirms the non-homogeneous heating when using too wide or too narrow
skins, and its consequences on the weld quality. This shows the benefits of selecting an

optimal set of dimensions for the facesheet laminate.
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CONCLUSION

Synthesis of the results

First, a methodology to select magnetic particles to prepare magnetic hysteresis losses
susceptors has been presented. This provides engineers and researchers a tool to determine,
based on a few characterization tests, which magnetic particles are most adapted to develop a
hysteresis losses susceptor based on the selected thermoplastic matrix and the available
induction welding setup. The importance of the Curie temperature of the magnetic particles
was also highlighted, as it can provide inherent temperature-control when properly selected
but can also limit the use of a material if it is too low. The presented case study on two
different thermoplastic matrices (PP and PEEK) and three magnetic materials (Fe, Ni and
magnetite) demonstrated the usefulness of the methodology by concluding that Ni was
favorable for PP but unable to reach welding temperature of PEEK, which may therefore be
used with magnetite particles. These results are valid for the presented induction welding

setup.

Then, the application of the methodology determined that Ni particles were the most suitable
candidate for PEI-based induction welding susceptors. Films of these susceptors showed
good Ni particles distribution, minimal porosity level and density similar to the expected
theoretical value, validating the manufacturing method. Induction heating of the susceptors
with different Ni concentrations was measured using a thermal camera, showing that PEI/Ni
samples were able to reach 300°C and more, which is inside and above the desired welding
temperature window. The temperature-control feature based on the Curie temperature of Ni
particles is also confirmed, removing the risk of starting to cause degradation in the material.

The induction welding of sandwich skins to 3D-printed honeycomb cores was then
demonstrated. First, the induction welding setup was adapted to place the sandwich panel
sample inside a vacuum bag, allowing to apply a constant and homogeneous pressure on the
parts to be welded during the entirety of the process. The vacuum pressure, approximately

0.1 MPa, is usually insufficient for welding. But when using hollow sandwich cores like
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honeycombs, the pressure is supported by the walls of the cells, which cover only a fraction
of the surface and therefore experience a higher local pressure. The presence of a PEI surface
layer on the GF/PEEK skins (Thermabond process) allowed to weld them to the 3D-printed
PEI honeycomb core using the developed PEI/Ni-10%vol susceptor. The influence of the
welding speed on the skin/core strength was assessed, showing that going too slow could
lead to overheating, while welding too fast did not provide enough heat to melt the materials
at the interface. A welding speed of 0.5 mm/s was optimal for the set-up and power
employed, allowing to reach skin/core strength around 5 MPa, which is comparable to what

was previously reported for sandwich panels assembled by adhesive bonding.

Then, the development and manufacturing of the susceptor material in the form of a 3D-
printing filament was presented. The compounding and the shaping of the filament was
conducted using a single process step in an extruder. The obtained filament was
characterized, showing a high porosity level and filament diameter variability, but good Ni
particles distribution. Printability of the material was demonstrated, proving that it is possible
to deposit the susceptor by 3D-printing in various geometries. Printed films replicating the
previously tested susceptor pressed films are characterized, showing that the high porosity
level still present inside the sample reduced its heating capability by around 30 °C, but was
still able to reach the required welding temperatures. This difference is caused by the
inconsistent filament diameter and the porosities in printed samples. Finally, susceptor was
printed on top of honeycomb cores, to demonstrate the printability of the materials in
complex geometries. Two susceptor width geometries are evaluated, which demonstrated that
printed susceptor can be deposited in complex patterns. The weldability of the material was
demonstrated by welding skins to cores using the vacuum induction welding technique.
Optical microscopy observations confirmed that welding occurred, although lower welding
speeds were required compared to welding with pressed films. FWT tests showed that
welding correctly occurred at the interface, reaching up to 4.5 MPa for the sample welded at
0.15 mm/s with variable printed susceptor width. Fracture analysis showed core failure in
that sample, highlighting the strength of the weld. Other samples exhibited cohesive failure,

also indicating that a high degree of welding was reached.
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Finally, the developed vacuum induction welding technique was applied to another heating
mechanism to show its versatility. The use of CF/PEEK skins instead of GF/PEEK ones
allows the heat to be generated directly in the skins, removing the need for a susceptor
material. There, the skin is directly placed on the core and placed under vacuum to be
welded. The heat distribution in the CF/PEEK skins was analyzed by thermal imaging,
showing the presence of edge effects which prevented the obtention of a homogeneous
temperature distribution at the joining line. The use of wider skins was proposed to avoid
these edges effects. A model was developed using the COMSOL Multiphysics software to
predict the temperature distribution and the presence of edge effects, giving a tool to define
the optimal width of the CF/PEEK facesheets. Then, samples were welded by induction
using variable widths of skins to demonstrate the impact on the skin/core strength. Samples
with wide skins can be welded faster but cannot reach high strength due the non-
homogeneous heat distribution at the weld line. On the other hand, the presence of edge
effects on narrow skins also limited the maximum obtained strength. The optimal width was
demonstrated to be between 6.25 and 7.5 mm for a 5 mm wide sandwich sample, welded at
speeds of 0.7 and 0.8 mm/s, respectively. The strongest samples reached strength up to 7
MPa and exhibited failure inside the 3D-printed core, highlighting that the weld was stronger
than the core structure. This is an indication that the welding process performs well and can
be used to assemble high-performance thermoplastic composite sandwich panels by

induction welding.

Based on the list of sub-objectives presented in 2.2, sub-objective 1 has been completed with
the results presented in Chapter 3. This content has been published as a journal paper in
Advanced Engineering Materials in 2022 (Martin et al., 2022), which has already been cited
by other researchers working on induction heating (Barroeta Robles et al., 2022; Hoang et al.,
2023; Mariani & Malucelli, 2023; Rak & Tucek, 2022). Sub-objective 2 is covered by
Chapter 4 and 5, the latter of which was published as a journal paper in Composites Part A in
2024 (Martin et al., 2024). Sub-objective 3 is covered by the results presented in Chapter 6.
Finally, Chapter 7 fulfils the sub-objective 4. The content of this chapter has been submitted



178

as a journal paper to Composites Part B in 2024 and is currently undergoing the peer-review

process.

Original contributions

The development of the material selection methodology presented in Chapter 3 is an
important contribution to the field, as it provides guidelines for the selection of magnetic
particles in hysteresis losses susceptors. As presented, the material of the ferromagnetic
particles, their magnetic properties and their Curie temperature influence greatly the heating
capabilities of the susceptor. It must be correctly adapted to the thermoplastic matrix and the

available induction welding setup to produce efficient susceptors.

Then, production of PEI/Ni susceptors was demonstrated, which is a first for this material.
The manufacturing process was able to produce reliable and repeatable susceptor films,
showing minimal porosity level and excellent Ni particles distribution. The induction heating
tests showed that the desired welding temperature can be reached, demonstrating the ability

of the PEI/Ni material to be used as an induction welding susceptor.

To assemble sandwich panels by induction welding, the vacuum induction welding (Vac-IW)
technique was developed and demonstrated. The application of pressure on the sample by
placing the parts in a vacuum bag allows to get a constant and homogeneous pressure
throughout the complete process. One of the major advantages is the absence of surface
preparation on the surface to be welded. The validation of the technique was conducted
through FWT tests, which showed that the welded sandwich panels exhibited equivalent to
higher skin/core strength than sandwich panels assembled by adhesive bonding. This is a

major forward in the production of all-thermoplastic sandwich panels by induction welding.

Then, the development of the susceptor filament is totally new, as a printable susceptor is
demonstrated for the first time and validated by using it to weld sandwich panels. This gives

the opportunity to deposit the susceptor only in the areas where it is needed, and therefore
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localize the heat generation at the points of contact. The quantity and composition of
deposited material can be optimized to match the required heat on different points of the
structures (layer height, susceptor concentration). This can help reduce the quantity of needed

material and minimize the weight penalty on the structure.

Finally, the transfer of the Vac-IW technique to susceptor-less welding has been shown, by
welding CF/PEEK skins to honeycomb cores without any susceptors. Once again, no surface
preparation was required on the parts to welded. The heat distribution in the skins was
correctly predicted by the proposed COMSOL model, which can be used in other cases
(materials, geometries, etc.) to predict the required dimensions of the skins. The skin/core
strength surpassed the printed core tensile strength, highlighting once again the promising

capabilities of the method.

In the context of the PEEKbot project and lunar applications, all-thermoplastic and adhesive-
free sandwich panels are very interesting and promising structures. The demonstration of the
assembly by induction welding offers the opportunity to produce sandwich panels for the
lunar rover which offer thermal insulation, would not be outgassing, and would experience

minimal internal stresses during thermal cycling.






RECOMMANDATIONS

The material selection methodology was demonstrated by conducting a case study with three
magnetic materials. It would be interesting to expand the study to more materials, including
promising ones like AINiCo, SmCo or NdFeB alloys. These hard magnetic materials exhibit

very large hysteresis and could be interesting candidates for hysteresis losses susceptors.

About the susceptor films, a methodology to test and characterize the mechanical properties
of susceptor must be established to quantify the impact of the metallic particles. Also, it
would be interesting to develop a heating simulation model, incorporating the evolution of
the physical and magnetic properties with temperature, to predict the temperature evolution
of the hysteresis losses susceptor films. This could then be used to optimize the required
volume fraction of magnetic particles in the susceptor. The balance must be found between

the heating capabilities and the impact on the mechanical properties of the susceptor.

The proposed induction welding setup presents some limitations and would require some
improvements. The first one is regarding the alignment of the induction coil with the sample.
As of now, the coil alignment is not guaranteed, which can affect the heating homogeneity
and the temperature distribution in the part. This will become even more problematic when
scaling up the setup to weld larger sandwich panels. Linked to that, the distance between the
sample and the coil must also be better measured and ensured to be conserved during the
process. It has been demonstrated that even 1 mm of additional distance between the coil the
welding line can significantly decrease the heat generation. To ensure good repeatability, the
coupling distance must be guaranteed by some mechanisms, such as support located on both

extremity of the coil. Supports like these could also help with the coil’s alignment.

The geometry of the magnetic field concentrator (MFC) and its influence on the susceptor’s
heating rate can also be investigated. A wider MFC would ensure that high magnetic field
amplitude is present on larger surface area. However, one must keep in mind that having a

proper thermal contact with the coil (using a thermally conductive paste) is essential to
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ensure that the MFC is cooled down during the process. If the volume of the MFC is
increased, it must be verified that the cooling system (water circulating inside the copper

induction coil) is efficient enough to evacuate the heat generated inside the MFC.

Coming to the susceptor 3D-printing filament, characterization revealed a large porosity level
and a variable filament diameter, two important parameters that must be improved to obtain
better printed susceptor quality. The extruding parameters (temperature, screw speeds, etc.)
must be adjusted to reduce the porosities inside the filament. A reliable winding system must
be put in place to ensure that the filament is pulled constantly during the extrusion. By
balancing the extrusion speed, extruder nozzle diameter and pulling speed, the filament

diameter should exhibit less variability and match the expected diameter of 1.75 mm.

Then, optimization of the deposited layer can be conducted. Results from Chapter 6 present
only two printing geometries with similar overall thickness (1 mm). Other configurations
with different number of layers, variable width angle and Ni concentration should be
investigated to find optimal parameters. This could also help increasing the welding speed,
which is currently much lower than when welding with pressed films of susceptor.

As discussed in Chapter 6, thermal conductivity in the sandwich panel samples occurs during
the induction welding process. The use of a variable welding speed (starting slow, then
increasing to match the forward thermal conduction) could improve the homogeneity of the
welding profile and reduce the total welding time. Modelling efforts on the continuous
induction welding of sandwich panels using hysteresis losses susceptors could help define the

optimal coil displacement speed.

Finally, on the CF/PEEK sandwich panels, the presented model could be extended to the
continuous induction welding process, considering not only the heat generation in the
laminate during a static test, but the heat transfer in the rest of the structure as the coil moves
along the sandwich panel. The thermal history at the interface should be measured and
compared with the model to validate its accuracy. The temperature evolution at the welding

interface could also be used to predict the degree of welding based on the coupled model of
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intimate contact and healing. This could then be compared to FWT results, which would also
help defining the optimal welding speed to obtain the most favorable thermal history, and

consequently the highest skin/core strength.

The last step would be to scale-up the Vac-IW method and apply it to the assembly of larger
sandwich panels. To do so, the set-up must be more robust and repeatable, with better control

of coil alignment, coupling distance and vacuum pressure application.
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Modelling of the magnetic field around an induction coil is performed using FEMM4.2
software. The section of the hairpin coil (straight and single-turn coil) is simplified as a 6 x 6
mm square with a 4 x 4 mm square hole inside of it, where the cooling water is circulating.
The two square sections are separated by 6.4 mm. The magnetic field concentrator is
simplified as a 12.6 mm high and 32 mm wide rectangle, surrounding the coil sections. The
materials are defined as following: air for the surrounding space and for the inside of the coil
(water can be approximated as air in terms of magnetic response), copper for the coil section
and Ferrotron 559H for the field concentrator. As this latter is not available in the software
materials library, it is created following the material technical datasheet. The current inside
the copper coil sections is fixed at 700 A. The current must be positive in one of the two
sections and negative in the other, as the induction coil is a closed loop. The default Dirichlet

boundary condition is used in the simulations.
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This article was published in the SAMPE Journal in September 2023 (Martin, Figueiredo, et
al., 2023a). Chapter 4 of the present document is based on some of the results presented

hereafter.

1I.1 Abstract

Welding techniques are emerging as a new method to join thermoplastic composite parts.
They present a fast and efficient alternative to adhesives and mechanical fasteners. Induction
welding is a welding technique that relies on the application of an oscillating magnetic field
on the joining interface, where a material called a magnetic susceptor generates heat by
interacting with the applied magnetic field. In this work, susceptors relying on magnetic
hysteresis losses made of polyetherimide (PEI) and nickel (Ni) particles are investigated with
varying Ni concentration. The materials are mixed using an internal mixer and pressed to
form films approximately 500um thick. To characterize the heating rates of the susceptor
materials, samples are placed on an induction coil — a water-cooled copper tube in which AC

current (frequency 388kHz), generates an alternating magnetic field — and the temperature
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evolution is measured using a thermal camera. An increasing concentration of Ni particles
results in increased heating rate and maximum temperature reached by the samples. The
temperature-time experimental curves are compared with theoretical heating curves to verify
if the model can be used to predict the temperature evolution at the joining interface during a

welding process.

11.2 Introduction

11.2.1 Thermoplastic welding

Welding techniques are gaining popularity in the aerospace industry as alternatives to
adhesive bonding and mechanical fastening to join thermoplastic composite parts. These
techniques are fast, efficient, typically require less to no surface preparation and allow to
obtain equivalent mechanical properties as other methods (Yousefpour et al., 2004). The
working principle to weld two parts — known as adherents — is to generate heat directly at the
joining interface to melt or soften thermoplastic materials on the welding line, allow polymer
chain diffusion through the interface, and ultimately weld the two adherents (Wool et al.,
1989; Bastien & Gillespie, 1991). Different welding techniques are available to join various
geometries, the three most promising of which are ultrasonic welding, resistance welding and
induction welding (Villegas et al., 2013; Yousefpour et al., 2004). In the latter, heat is
generally induced at the joining interface by placing a heating element that reacts to an

applied alternating magnetic field. This material is called a susceptor.

11.2.2 Types of susceptors

A susceptor can generate heat through two different mechanisms: eddy currents and
hysteresis losses (Bayerl et al., 2014). In the first one, the material must be electrically
conductive, allowing for the formation of induced eddy currents. These currents loops
dissipate heat through Joule effect. These susceptors are therefore called electrical susceptors
and are typically metallic meshes, electrically conductive films or carbon fibres (Ahmed et
al., 2006; Bayerl et al., 2014; Dermanaki Farahani et al., 2018). The second mechanism relies

on magnetic hysteresis of magnetic materials to heat up when subjected to an alternating
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magnetic field. The electromagnetic energy is absorbed by the magnetic material and
released as heat, due to the magnetic hysteresis effects inside the material (Martin et al.,
2021; Suwanwatana et al., 2006a; Wetzel & Fink, n.d.). These susceptors are called
hysteresis losses susceptors, or magnetic susceptors. They can be made of magnetic particles
distributed inside a thermoplastic polymer, typically identical to the matrix of the adherents.
Metallic magnetic particles can also experience heating through eddy currents depending on
the particles diameter, but this is usually negligible in micro-meter sized particles. This paper
will focus on the characterization of the heating rate of these hysteresis losses susceptors. It
must be noted that heat can also be induced directly into the adherents when they are made of
electrically conductive materials such as carbon fibres (Rudolf et al., 2000). In that case, no
external material is required at the joining interface, which grants this technique the name of

susceptor-less induction welding.

11.2.3 PEI-based hysteresis losses susceptors

Herein, polyetherimide (PEI) susceptors are developed to join PEl-based composite
materials. PEI is an amorphous thermoplastic (T = 215-217°C) which is widely used in the
aerospace industry due to its high mechanical properties. A methodology published by the
authors allows to select a suitable magnetic material that can be dispersed in PEI to
manufacture a magnetic susceptor (Martin et al., 2022). This work showed that multiple
parameters, such as the applied magnetic field amplitude, the magnetic material absorbed
energy density and the frequency of the alternating field affects the heating capability of a
hysteresis losses susceptor. By applying this methodology for material selection, it appears
that micrometer-sized Nickel (Ni) particles are good candidates because of their high
absorbed energy density and their compatible Curie temperature of 358°C. To ensure good
welding properties, it is crucial to know the heating rate of the susceptor, which will allow
predicting the temperature evolution at the joining line and the welding degree during the
process. This paper presents a method to characterize the heating rate of PEI/Ni susceptor by
applying a magnetic field on it and measuring its temperature evolution with a thermal

camera.
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IL.3 Experimentation

11.3.1 Samples preparation

PEI ULTEM 1010 (SABIC) pellets are used as the thermoplastic matrix for the susceptors.
Ni particles (Sigma-Aldrich) with an average particles size of Sum are mixed with PEI in an
internal mixer (HAAKE™ Rheomix OS 1010) to ensure good dispersion and distribution of
the particles. The PEI is softened at 320°C and 50rpm for 4 minutes in the mixer, then the Ni
particles are added in the mixer for 4 more minutes at the same temperature and same mixing
speed. The Ni volume fraction is varied at 10% and 20%. The resulting mixed material is
recovered and shredded in small pellets (around 2mm of diameter). These pellets are then
pressed into susceptor films for 10 minutes at 320°C in a hydraulic press. 4x2cm? samples
are cut from the films for induction heating tests and 1x1cm? samples for optical microscopy
observations. A Nikon Eclipse MA100N optical microscope is used to obtain images at 50x

magnification for each concentration.

The density of the samples is then evaluated using the water displacement method — or
Archimedes method — as described in ASTM D792 standard. Every sample is characterized,
and the obtained density is compared with the theoretical value. Finally, the emissivity of the
samples is determined by placing one specimen on a hot plate and measuring its temperature
with thermal camera and with a thermocouple attached to its surface. The actual emissivity
value is obtained when the reading from the thermal camera matches the one from the

thermocouple.

11.3.2 Heating rate measurement setup

The experimental setup is made of an Ambrell EASYHEAT 10kW generator, providing
alternating current into a water-cooled copper induction coil. The coil is equipped with a
removable magnetic field concentrator (MFC), made of Ferrotron 559H (Fluxtrol), that
increases the magnetic field amplitude in the area where the sample is located. A suspension

system, made of a Kapton film in tension between two supports, is holding the sample at a
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fixed distance from the induction coil. This distance is fixed at 4mm. A FLIR A700 thermal
camera is fixed on top of the sample to record its temperature evolution during the test. The
setup is presented in Figure-A II.1. The current amplitude in the induction coil is fixed at
600A and its frequency at 388kHz. Measurements are conducted with and without the MFC

on susceptor samples at 10% and 20% of Ni volume fraction.

IR camera - =

- Susceptor

sample ’
|

Coupling distance
vy

~ Magnetic field I
concentrator d

~— Induction coil ~

Figure-A 11I-1 Experimental setup picture (left) and scheme (right). The hanging support
made of Kapton tape allows to control the coupling distance. It is located on top of the
induction coil, here equipped with the MFC. On the top part of the picture, the thermal

camera is recording the temperature evolution of the sample
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11.4 Results

11.4.1 Preliminary characterization of the susceptor samples

First, the distribution of Ni particles in the PEI matrix is verified by optical microscopy to
ensure the quality of the mixing procedure is satisfying. Samples are polished and observed
through optical microscopy. Figure-A 1.2 shows homogeneous distribution of the Ni
particles (in white) in PEI (in grey). No visible porosities are observed in any of the pictures
for both 10%vol and 20%vol concentration. The porosity volume fraction is therefore
assumed to be zero in the susceptor films. The average density and standard deviation of each

sample is reported in Table-A IL.1.

Figure-A I1.2 Optical microscopy images of PEI/Ni susceptor films at Ni concentration of
20%vol (left) and 10%vol (right). The PEI matrix appears in grey, and the Ni particles appear
in white. The red scale represents 300 microns.

Table-A II.1 Average experimental and theoretical density of induction heating samples for
PEI/Ni at 10%vol and 20%vol. The standard deviation on the experimental average is also
reported

Induction heating samples density [g/cm?]

Ni volume fraction Experimental measurement Theoretical value

20% 2.856 £ 0.068 2.796

10% 2.048 £ 0.050 2.033
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As no porosities are visible in microscope pictures (Figure-A I1.2) and the density is as
expected (Table-A II.1), it can be concluded that the expected Ni content is obtained and that
Ni particles are well distributed in the samples, highlighting the efficiency of the mixing
procedure. Finally, the emissivity value for the PEI/Ni susceptor samples is determined to be
0.9, which corresponds to what has been observed for other Ni-based susceptors (Martin et
al., 2022). This value will be used in the thermal camera for the induction heating rate

characterization.

11.4.2 Experimental heating rate characterization

The heating rate of the susceptors is measured using the presented setup (Figure-A II.1). The
induction magnetic field is turned on for 60s then turned off. The temperature evolution is
measured for one more minute to observe the cooling part of the curve. The measured
temperature evolution is reported in Figure-A I1.3. Five measurements are conducted for each
configuration. As expected, the heating rate and the maximum temperature is higher for
20%vol samples. The presence of the MFC increases the magnetic field amplitudes, leading
to even higher heating rates. The samples present a good repeatability during induction
heating. The initial heating rate — the slope at the beginning of the curve — is measured to be
85.7, 47.4, 22.6 and 15.3°C/s for samples at 20% - 600A, 10% - 600A, 20% - 600A no
magnetic flux concentrator (MFC) and 10% - 200A no MFC, respectively. The shape of the
curves — a sharp initial temperature increase which then slows down to eventually reach a
plateau below Ni Curie temperature — indicates that the hysteresis losses are the dominating
heating mechanism. If eddy current heating was significant, temperature would keep
increasing. One can notice more variability in the measurements done at 600A without MFC.
This might have been caused by unwanted external air stream in the laboratory during the
test, which affected the thermal losses and therefore the temperature evolution recorded by
the thermal camera. This shows that it is very important to get repeatable tests conditions to

obtain reliable results.
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Induction heating of susceptor samples
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Figure-A I1.3 Induction heating curves for PEI/Ni susceptors at two concentrations (10%vol
and 20%vol), with and without an MFC mounted on the induction coil. The coupling
distance is fixed at Smm and the current travelling through the coil at 600A

11.4.3 Theoretical heating rate modelling

Three main mechanisms contribute to the temperature evolution of a susceptor: the heating
by hysteresis losses, the heating due to the proximity of the hot MFC and the thermal losses
in the environment. It is assumed that there is no eddy current heating in the Ni particles.
These contributions are presented below and are added in the model aiming to predict the

induction heating of a susceptor.

11.4.3.1 Isolated heating rate due to hysteresis losses

Based on Wetzel and Fink’s work, the heating rate of an isolated volume of susceptor due to

hysteresis losses can be predicted by using the following equation (Wetzel & Fink, n.d.):
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-1
ar 1 e (IL.1)
d—t—fEh(“”(a‘l)%)

A few parameters and their evolution with temperature must be characterized to predict the
heating rate of the susceptor. The absorbed energy density Ej is the amount of
electromagnetic energy that is absorbed by the magnetic material — here the Ni particles —
and released into heat. This value depends on the applied magnetic field amplitude H,,,
which must also be known. The other required parameters are the density of Ni particles p

and PEI matrix p, as well as their specific heat capacity, ¢, and ¢, respectively.

The magnetic permeability of the sample depends on the magnetic permeability of the two
components. Based on magnetometer measurements done in a previous work, Ni particles
presents a relative magnetic permeability of 7 (lower than bulk Ni due to demagnetization
effects in the particles) (Martin et al., 2022). PEI is not magnetic and can therefore be
assumed to have a relative magnetic permeability of 1. The relative magnetic permeability of
the PEI/Ni samples can be computed using the rule of mixtures, and values of 1.6 at 10% of

Ni and 2.2 at 20% of Ni are obtained.

The magnetic field amplitude H,, depends on the coil geometry, the presence or not of the
MFC, the current intensity in the induction coil, the distance between the coil and the sample,
or the coupling distance, and finally the sample’s magnetic permeability. This can be
computed using for instance COMSOL Multiphysics 5.4 software. Details about the
simulation model are available in II.7. Figure-A 1.4 shows the induction magnetic field
amplitude norm around the coil. The field lines in the figure indicate the field direction. It is
then possible to calculate the field amplitude along the susceptor width with a current of
600A and a coupling distance of 4mm, with and without MFC, shown in Figure-A IL.5. It can
be observed that there is decrease in magnetic field amplitude in the center of the sample.
This comes from demagnetization effects in the sample when subjected to a magnetic field.
As the magnetic permeability is larger at 20%Ni compared to 10%Ni, demagnetization

effects are stronger, leading to a larger decrease of the magnetic field amplitude.
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Figure-A I1.4 Modelling (COMSOL Multiphysics 5.4) of the magnetic field amplitude norm
around a coil equipped with an MFC at 600A with a magnetic permeability of the sample
fixed at 2.2 (PEI/20%Ni)
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Figure-A I1.5 Modelling (COMSOL Multiphysics 5.4) of the magnetic field amplitude norm
along the susceptor width with a current amplitude of 600A in the induction coil (frequency
388kHz) and a coupling distance of 4mm. Solid lines shows the amplitude for a coil
equipped with an MFC and dashed lines for a coil without MFC. Blue lines correspond to
PEI/Ni-10%vol samples and green lines to PEI/Ni-20%vol sample

The magnetic field amplitude selected to calculate the model curves is the average between
the maximum and the local minimum located in the center of the curve. This is done to
obtain a more representative value along the sample width. It appears that when the coil is
equipped with the MFC, the field amplitude is 29kA/m for PEI/Ni-10%vol samples and
27.5kA/m for PEI/Ni-20%vol samples. Without the MFC, it is 11.5kA/m for PEI/Ni-10%vol
samples and 10.5kA/m PEI/Ni-20%vol samples. These values are used to obtain the value for
Ej, at room temperature (in J/m?, with m? referring to the total volume of Ni particles in the

sample), which can be calculated using Equation (I1.2). This relation is known as the
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Steinmetz law (Landgraf et al., 2008; Steinmetz, 1984) and is based on results presented in
(Martin et al., 2022).
E, = 4193-1073 - H,,**77 (IL.2)

Therefore, based on Equation (I1.2), the values for E;, for Ni particles are around 2024kJ/m?
for PEI/Ni-10%vol samples and 1892kJ/m® for PEI/Ni-20%vol samples with the MFC
mounted on the coil and 623kJ/m* for PEI/Ni-10%vol samples and 555kJ/m> for PEI/Ni-
20%vol samples without the MFC. The evolution of E; with temperature is approximated as

a linear decrease until reaching a value of 0 at the Curie temperature of Ni, which is 358°C.

The density and specific heat capacity of Ni particles and PEI matrix are taken from the
literature. Ni density is considered as fixed at 8900kg/m?>. Its specific heat capacity is

following the relation proposed in Suwanwatana et al. (Suwanwatana et al., 2006a):

¢, = 4235+ 0.5 T withT in[°C] for 25 < T < 325[°C] (IL3)

The density of PEI (based on its specific volume) is reported in different online databases
(CAMPUSplastics | Datasheet ULTEM™ Resin 1010, n.d.; UL Prospector, 2018) and is
assumed to follow:

p =1280—-0.2-T whenT < 200[°C]

(IL.4)

p=1380—-0.7-T whenT > 200[°C]
Finally, DSC results (measured with a TA DSC 2500 and presented in Figure-A I1.6)
indicates that the specific heat capacity of PEI is following:

&, = 855+23-T whenT < 217[°C]
(IL5)

&, = 1680 when T > 217[°C]

With these parameters, it is possible to predict the evolution of temperature of an isolated

volume of susceptor, based on Equation (IL.1).
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Figure-A I1.6 PEI specific heat capacity measured by DSC. The experimental curve is in
green and the model curve in black

11.4.3.2 Thermal losses in the environment

In the case of the presented measurements, the samples are not isolated, but suspended in the
air, which implies heat losses to the environment. The cooling part of the curve (after 60s)
can be used to evaluate the cooling rate of the samples, and therefore the thermal losses.
From the cooling rate, the thermal losses power can be calculated using the following

relation:

AT

Pthermat tosses = PV Cp At y (I.6)
cooling

Where p and ¢, are the density and the specific heat of the susceptor, respectively, and V' its
volume. These values are calculated using the mixture rule, at the given volume fraction of
Ni in the susceptor. The following assumptions are made:

e Thermal losses can be expressed as a 2" order polynomial function of temperature

e They are the same during the heating phase and the cooling phase.

The thermal power losses for the experimental results (Figure-A 11.3) calculated using

Equation (I1.6) are presented in Figure-A I1.7. These curves are an arithmetic mean of all the
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thermal losses curves of a data set, and they are used in the model to predict the temperature

evolution.

It appears that for a given Ni volume fraction (10%vol or 20%vol), the thermal losses curves

at high and low magnetic field amplitude overlap, indicating that no matter the maximum

temperature reached by the samples, the thermal losses are the same. On the other hand, there

is a large difference between the thermal losses at 10% and 20% of Ni volume concentration.

This could come from an inaccurate expression of the density or the specific heat evolution

with temperature and it should be further investigated.
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Figure-A 11.7 Thermal losses of susceptor samples. Each curve is an arithmetic mean of the

thermal losses of each sample from a single data set
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11.4.3.3 Influence of the proximity of the MFC

When an MFC is mounted on the induction coil, it will heat up during the process, due to
induced eddy currents inside of it. As the coupling distance is very small, being in the
vicinity of a hot metallic part can increase the temperature of the susceptor and affect the
results of the experiment. To analyse the influence of the MFC, samples of PEI with a small
addition 2%vol of carbon black (CB) are prepared following the same procedure as PEI/Ni
samples. The goal is to obtain an opaque PEI film that will not heat up by hysteresis losses
effects, therefore only observing the gain of temperature due to the proximity of the MFC.
The temperature evolution is measured using the same experimental setup and the results are
presented in Figure-A IL.8. It appears clearly that at 600A without MFC (solid blue line),
there is no significant temperature change, highlighting the fact that no hysteresis losses nor
eddy currents are induced in the sample. On the other hand, when the coil is equipped with
the MFC (dashed blue line), a temperature increase is observed, indicating that power is
received by the sample during the measurement. This contribution is added to the model to
predict the temperature evolution of the susceptor, using the following expression for the
power received from the MFC as a function of time during the 60s of heating:

Pypc = —6.0-107*-¢t2 +5.75-107% -t + 0.31 (IL.7)
With t being the time since the beginning of the induction heating, when the MFC starts to
heat up.
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Figure-A I1.8 Heating of PEI/CB samples. The model equation, based on Equation (II.7) and
measured thermal losses, used in the susceptor’s heating rate model is shown in black

11.4.3.4 Comparison between model and experimental results

The model allows prediction of the induction heating curve of a susceptor with a given Ni
concentration, a given magnetic field amplitude, and the presence or not of an MFC.

It considers the three main contributions that were previously presented:
e Heating due to hysteresis losses in an isolated volume of magnetic susceptor,

e Heating due to the proximity of the MFC,
e Cooling due to thermal losses to the surrounding environment.
The resulting curves are presented in Figure-A I1.9 alongside with the obtained experimental

results. Only one representative curve of each data set is kept for clarity.
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Figure-A 11.9 Comparison of the model curves and the experimental results

It appears in Figure-A IL.9 that the overall shape of the model curve is really close to the

experimental data, assessing the validity of the modelling approach. First, it is interesting to

compare the initial heating rate between experimental measurements and model values, as

presented in Table-A I1.2. At the very beginning of the curve, it can be considered that there

are no thermal losses, because the temperature is still very close to the ambient

temperature (Martin et al., 2022). The experimental results are quite close to the modelled

values, showing that the model is correctly predicting the susceptor’s isolated heating rate.

Table-A 11.2 Predicted and average measured initial heating rates for susceptor samples. The

standard deviation on the experimental averages is also reported

Initial heating rate (Predicted / Measured) [°C/s]

Ni volume fraction 600A — MFC 600A — no MFC

20% 83.9/852+6.1 245/22.6+04

10% 49.8/47.4+3.7 16.3/154+0.9
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When looking at the maximum temperature reached in the model and in the experiments
(summarized in Table-A 1I1.3), different observation can be made for curves with MFC and
without MFC. At low magnetic field amplitude (600A no MFC). The model slightly
overestimates the experimental results by around 5.5%. This can come from higher-than-
expected thermal losses during the heating phase, due to different external conditions, as
discussed earlier. The error can also come from the selected emissivity value (0.9), as a

higher emissivity would result in larger measured temperature.

For both data sets measured with the MFC, the model curves slightly underestimate the
experimental results. This should be further investigated to understand why we observe these
differences. The average maximum experimental temperature and the modelled one are
324°C and 311°C at 20%vol, and 299°C and 286°C at 10%vol, respectively. Overall, the
model curves are fitting well the data, showing around 4% of error compared to the
experimental measurements. The divergence probably comes from inaccuracy in some
temperature-dependant materials parameters, especially at higher temperature. That would
explain why this deviation is not observed at lower magnetic field amplitude. It is also
possible that the thermal losses are actually slightly lower during heating than cooling, which
would go against one of the hypotheses of this model. Finally, the power received from the
MFC might vary a little between the PEI/CB and PEI/Ni samples due to a different

absorption of the two materials.

Table-A I1.3 Experimental average and modelled maximum temperatures during induction
heating experiments. The standard deviation on the experimental averages is also reported

Maximum temperature (Predicted / Measured) [°C]

Ni volume fraction 600A — MFC 600A — no MFC

20% 311/324+25 223/210£5.5

10% 286/299+1.2 185/175+2.2
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11.5 Conclusion

This study presents the heating rate characterization of PEI/Ni susceptors for induction
welding. It highlights the quality of the mixing method, allowing to obtain well distributed Ni
with a good control of the volume fraction. Then, experimental results showed good
repeatability inside a data set, confirming the ability to produce reliable and repeatable
susceptors. A model based on some critical parameters that must be defined beforehand was
presented. Simulations of the magnetic field allowed to calculate the applied field amplitude
and the corresponding absorbed energy density, then the analyze of the cooling curves of the
samples gave an indication on the thermal losses. The influence of being in the vicinity of the
magnetic field concentrator which gets hot during the process was also investigated and
included in the model. Ultimately, the model heating curves were compared to the
experimental results and show a good fit, with an error of around 5%. This paper also
presented a general procedure to prepare and validate a model for hysteresis losses

susceptors.

Future work should include more extensive modelling of the heating behaviour of the
susceptor to consider thermal conduction inside the sample. Also, a more detailed
understanding of the thermal losses is needed to obtain a better prediction of the temperature

evolution of the susceptor.
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IL.7 Appendix - COMSOL Multiphysics model details

Simulations of the magnetic field around the induction coil is performed using the AC/DC
module in COMSOL Multiphysics 5.4. The profile section of the induction coil and the
magnetic flux concentrator (MFC) is defined as follows: the coil is made of to square section
of outside dimensions 6 x 6 mm and inner dimensions 4 X 4 mm, and the flux concentrator is
a large rectangle of 32 x 12.6 mm encompassing the induction coil. The materials are copper
for the induction coil, with water inside of it, Ferrotron 995H for the MFC (not available in
the default material library, created with a magnetic permeability of 18, as per the material
datasheet) and air for the surroundings. The general outer limit is a large circle of 100mm of
radius where default Dirichlet conditions are applied. A triangular default mesh is applied for
the simulation. Current travelling in the coil is set at 600A in one half and -600A in the other
one. This comes from the fact that a closed-loop coil is used, so the current travels in
opposite direction in both sides. Figure-A I1.4 presents the results for the magnetic field
amplitude norm simulations. On top of the color map showing the amplitude of the magnetic
field, lines indications its direction are added. Finally, a line is drawn Smm away from the
coil, where the sample is lying during heating test. This line is the reference for the results of

the field amplitude presented in Figure-A II-5.



ANNEX III

POLISHING PROCEDURE

This section presents a procedure to prepare optical microscopy samples using the automatic

polishing machine.

First, samples are mounted into an acrylic resin from Metlab Corp. The two parts of this resin
can be found in the blue cabinet (toxic materials) for the powder and in the yellow cabinet
(flammable materials) for the hardener in the A-4402 lab. It is mandatory to wear gloves and
lab safety glasses to manipulate these products. The preparation of the resin must be

conducted in a ventilated fumehood.

The resin powder bottle contains a blue measuring spoon, while a transparent spoon is
located on the shelf next to the hardener bottle. Make sure not to mix both spoons. Mix 2
volumes of resin powder with one volume of liquid hardener to prepare the acrylic mounting
resin. Typically, 30 mL of powder and 15 mL of hardener allow for the preparation of two
optical microscopy samples. The working time is about 2 min so make sure that the samples
are ready before mixing the resin and the hardener. Place your samples in white mounting
cups, making sure that the surface to be observed is facing the bottom face of the cup. Use a
plastic clip to hold the sample in place if needed. Once ready, prepare the resin and pour it on
the samples. As the resin is viscous, the samples might move while pouring, so it is
recommended to hold them in place using a wooden stick. Make sure to completely fill the
mounting cup with resin, even for small samples. Then, wait for around 15 min for the
acrylic resin to cure at room temperature. Once it is completed, remove the bottom face of

the mounting cup and extract the sample, which is now ready for polishing.

The optical microscopy samples used in this work were prepared using the MOTOPOL™
2000 automatic polisher from Buehler presented in Figure-A IIL.1. This machine is in A-

2150. It allows to polish six samples at a time. The polishing parameters such as the speed
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and direction of rotation, the applied force and the polishing time can be adjusted on the top

(Figure-A II1.2) and bottom (Figure-A II1.3) control panels.

Top control panel

Polishing arm

Rotating support plate

Figure-A III.1 General view of the automatic polisher. The main parts are highlighted by the
red arrows
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iF

Figure-A II1.2 Top control panel. In 1, the parameters of the samples support are controlled.
Water flowing during the polishing cycle is activated by button 2. Time of polishing of
defined in zone 3. Zone 4 allows to manually turn on and off the rotation of the bottom plate
and the water. Button 5 is the emergency stop button of the machine
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Control of the Applied force Control of the speed
force applied on gauge of rotation of the
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Figure-A II1.3 Bottom control panel, where the force applied on the samples during polishing
and the speed of rotation of the bottom plate can be tuned

The following parameters were used to polish the samples:

e Samples support plate rotation speed: 60 rpm

e Samples support plate rotation direction: opposite to the bottom plate
e Water activated during the polishing cycle

e Polishing time: steps of 1 min

e Applied force: around 45 1bf or 200 N

e Bottom plate rotation speed: 100 rpm
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The following sequence of grinding papers and corresponding polishing time is followed, by

steps of 1 min:

1 min with 320 paper
2 min with 400 paper
4 min with 600 paper
6 min with 800 paper
8 min with 1200 paper

After each 1 min polishing step, water is poured on the grinding paper to clean it from

residues. After 2 cycles of 1 min, the grinding paper is changed for a new one, even if the

same grade continues to be used. This step yielded satisfying results for the polishing of PEI

and PEEK based composite materials but could be adapted if other materials are used.

After finishing the polishing sequence, the samples can be unmounted from the support plate

and dried with paper, making sure not to scratch the surface. To make sure no dust is still

present on the surface, kimwipes can be used to gently clean the surface prior to perform the

microscope observations.






ANNEX IV

FWT SAMPLES PREPARATION

The protocol to bond FWT steel blocks to sandwich panels samples is presented in the
section. To perform a FWT test on a 5 cm by 5 cm sandwich panel sample following ASTM
C297 standard (ASTM C297, 2021), two steel blocks must be adhesively bonded to the
sample, one on each side, to connect the sample to the testing jig mounted on the tensile test
machine. The Hysol EA9696 adhesive, a modified epoxy adhesive film, is recommended to
be used for this step. Loctite 415 acrylic glue was used for the tests presented in Chapter 5,
but it was later replaced by the EA9696 adhesive as it provided better strength and more
repeatability.

As the EA9696 adhesive must be stored in the freezer to avoid polymerization and moisture
absorption, it is recommended to precut enough 5 cm by 5 cm squares of adhesive films in
advance to limit the time the roll of adhesive spends outside of the freezer. One should keep
in mind that two squares of adhesive films are required to prepare one sandwich samples

(one per steel block).

Before adding the adhesive films, both faces of the sandwich panel sample and the surfaces
of the two steels blocks that will be bonded to it must be thoroughly prepared. It is mandatory
to wear gloves during the subsequent steps to make sure the samples remain clean after
preparation, and to protect the skin from acetone. The first step is to clean the surfaces with
acetone. If the polymer of the sample is dissolved by acetone, replace it with another solvent
that does not dissolve the sample. Then, use grinding paper (grade 120 or similar) to grind
the working surfaces. This has multiple effects:

e [t increases the roughness of the surfaces, which improves the strength of the adhesive

bond.

e [t removes the remaining traces of adhesive or polymer on the steel blocks.
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e [t removes the passive oxidated layer on the steel blocks, which can prevent the proper

bonding of the adhesive.

After this step, parts must be cleaned again with acetone to remove the dust created during
grinding. The cleaning can be repeated multiple times until the surface are clean. This is very
important as the presence of dust or particles at the surface will be detrimental to the good

adhesion of the steel blocks.

Then, the adhesive layer can be added. It is recommended to first place the two adhesive
films on the two steel blocks with the protective white film still on. Then, press one block
against the other to make sure the adhesive film is flat and well tacked on each surface. Then,
use a cutter to remove the excess of adhesive on the sides of the blocks. This will limit the

amount of adhesive squeezing out during the curing process.

The homemade FWT alignment setup can be used to assemble the steel blocks and the
sandwich sample while ensuring proper alignment of the parts. First, the bottom steel block is
installed, with two out or four edge alignment tabs. The protective liner of the adhesive film
can then be removed (Figure-A IV.1a). Secondly, the sample is installed on the first block
(Figure-A IV.1b). The second block can then be placed on top of the sample. At that point, it
is essential to make sure that the cylindrical holes in the two steel blocks are perpendicular to
each other (Figure 1.23), to be able to mount the samples on the testing machine. To finish
the assembly, the alignment setup is closed by adding the two other alignment tabs and

secure them with the bracket (Figure-A IV.Ic).

Once the alignment is completed, the sample can be placed in the oven for 90 min at 120°C
for curing. To apply pressure on the sample, the cylinder weight from the internal mixer in
A-4402.2 (approx. 5 kg) can be used. It is placed on top of the steel blocks inside the oven, as
shown in Figure-A IV.2.
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Figure-A IV.1 Sequence of assembly of the FWT samples

Figure-A IV.2 Alignment setup in the oven. The red circle highlights the position of the
sandwich sample. The weight placed on top is used to apply pressure during curing
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After curing, the parts are taken out of the oven and let for at least 45 min to cool down.
Make sure to wear high temperature gloves to do it, as the parts are very hot. The sample
must be left in the alignment jig with the weight on during this period, to make sure the
adhesive correctly cools down. Once it cools down, remove the weight (it might still be hot!)
and open the alignment jig to recover the sample. The alignment jig is ready to be used to

prepare another sample.

After FWT tests, blocks must be separated for the fractured sample. The parts can be placed
in the oven at 180°C for 2 h, which starts the degradation of the adhesive and allows to
separate the sample and the blocks. This temperature is low enough for PEI-based material to
be separated without softening, allowing the recovery of the samples. For lower temperature
polymers, the sample might be lost in the process, in that case make sure it is completely
removed from the steel blocks. Residues of adhesives or polymer can be removed with a
razor blade to clean the steel blocks. If that is not enough, place the blocks 1-2 h in the oven
at 300°C to burn the residues. The blocks should cool down to room temperature before

being mounted again on a new sample.
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