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Simulation of induction welding process for glass fiber thermoplastic composites in
aerospace applications

Allen Jahromi

Department of Industrial and Material science

Division of Material Computational Mechanics

Chalmers University of Technology

Abstract

The use of high-performance thermoplastic composite material has increased. It
is therefore relevant to study in depth their joining processes and to determine
the joining parameters allowing for good mechanical performance. The current
study focuses on the induction welding technology as one of the most promising
method for this purpose. To understand physical background of inductive welding
of thermoplastic composites and to propose methods for optimizing the process, a
three dimensional finite element model of the induction heating process for induction
welding of glass fiber polyetherimide (GF/PEI) is developed using the COMSOL
Multiphysics® software. The model takes into account a stainless steel mesh net
susceptor placed at the welding interface of the two adherends to be welded. The
eddy-currents in the susceptor being generated by time-varying external magnetic
field, provide heat at the welding interface, where it is needed. The model predicts
the temperature rise within the material during the heating of welding process.
Also, a sensitivity analysis is performed aiming at identifying the parameters and
properties that have the greatest effect on temperature. These are input current,
frequency, distance between coil and susceptor and electrical conductivity of the
susceptor.

Keywords: Thermoplastic Composites, Induction Welding, Fusion bonding, Finite
Element method, Aerospace Application, Controlling edge effect.
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1

Introduction

Structural parts and assemblies made of fiber reinforced thermoplastic composites
are being developed to be included in current aeronautic structures. Thermoplastic
composite technology intends to achieve improved properties and low-cost processes
[1, 2]. Fiber glass thermoplastics are known to have high melting temperature as well
as high impact resistance, where these characteristics justify the fact to utilize fiber
glass thermoplastics for manufacturing parts such as nose-cone and leading edges on
wings for aircraft industry. Induction welding of different thermoplastic composite
parts permits to obtain assemblies with lower weight and cost saving benefits.

Currently, joining of composite materials is a matter of intense research [3], since
traditional joining technologies such as riveting are not directly transferable to ther-
moplastic composite structures [3, 4]. Conventional joining methods, for example,
use of rivets result in stress concentrations and delamination [5]. Therefore, over the
past few years, new methodologies have been developed [6]. Since limitations such as
lack of large hot press mold do not allow to manufacture components in a single step,
the need for a reliable assembly method has emerged significantly. Traditional me-
chanical fastening methods such as fasteners and rivetting increase weight, rise stress
concentrations around joints and cause delamination due to drilling [7]. Also use of
mechanical fasteners with different thermal expansion coefficient results in induced
stress. On the other hand the cost of titanium fasteners is another disadvantage
to consider fusion bonding as an effective method for joining different components.
Using thermoplastics comes with the advantage of high fracture toughness and dam-
age tolerance, also due to the ability to form thermoplastics with low cycle time and
manufacturing cost, it has drawn attentions for a suitable method for fusion bond-
ing for assembling thermoplastic components [8]. Fusion bonding technology, which
originated from the thermoplastic polymer industry, has gained a new interest with
the introduction of thermoplastic matrix composites. The use of thermoplastic resin
as hot melt adhesives is an alternative to mechanical fastening and thermosetting
adhesive bonding.

There are different methods for fusion bonding such as ultrasonic welding and resis-
tance welding of thermoplastic composites [9], however induction welding is to be the
focus of this study. Induction welding of thermoplastic composites is a non-contact
welding method in which two piece-works are welded together using a conductive
and/or magnetic thin heating element at the welding interface. Due to magnetic
susceptibility of the heating element from now on we call it susceptor. When the
susceptor is exposed to alternating magnetic field generated by a coil, joule and



1. Introduction

hysteresis loss in the susceptor generates heat at the weld interface. This heat melts
the polymer matrix at the welding interface and results in welding. Figure 1.1 illus-
trates a single lap-shear configuration of induction welding.

When considering manufacturing process, it is important to determine the values
of the processing parameters to have successful processing. Process modeling is
very important because it facilitates the optimization of the processing parameters
and helps to avoid expensive and lenghtly experimental testings. In fusion bonding
process modeling is mainly consist of electromagnetic problem, heat transfer and
consolidation. Other aspects influencing the final strength of the joint such as crys-
tallization are out of scope of this work. The objective of heat transfer modeling is
to predict temperature at welding interface.

1.1 Induction Welding

Induction welding includes several steps: 1) surface preparation, 2) heating, 3) press-
ing, 4) intermolecular diffusion and 5) cooling. For induction welding there is need
for a heat source as a heating element at the welding interface. This heating element
is called susceptor. For this purpose a stainless steel net mesh is used as a susceptor
at the welding interface. As glass fiber thermoplastics are electrically non-conductive
and also non-magnetic, the heat generation process will be just within the stainless
steel susceptor by the joule effect and hysteresis effect. Figure 1.1 demonstrate lap-
shear set up in induction welding process, where you can see different active parts

18].
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Figure 1.1: Induction welding set-up [§]



1. Introduction

1.1.1 Surface Preparation

Welding of thermoplastic composites has shown tolerance towards contamination at
the welding zone. Compared to thermoset adhesives, in the welding of thermoplastic
composites the surface preparation is less critical. Experiments with release agents
showed that small amounts of silicone contamination did not affect the quality of the
weld [1]. However having smooth surfaces is crucial for homogeneous heat transfer
at the welding interface. Accordingly, the surface preparation is usually the first
step in composites welding and often involves machining or cleaning [2]. Machining
is necessary for intimate contact, also to ensure geometrical fit of the parts to be
welded, this is very important as ensures proper contact between components in
which leads to desired heat transfer between them [2].

1.1.2 Heating

Induction heating is a non-contact heating process used for heating electrically con-
ductive materials. When such conductive materials are exposed to an alternative
magnetic field, local eddy-currents will be induced on the surface of material. There
is a depth associated to this surface in which eddy-currents exist and it is called
skin-depth. These eddy-currents generate heat due to joule losses. Joule losses as
explained in Figure 1.2 is the only mechanism in which generates heat in a stainless
steel susceptor. Heating mechanism is different [10] when laminates contain conduc-
tive and /or magnetic components. For example, in a conventional quasi-isotropic
carbon fiber thermoplastic composite, because the carbon fiber itself is conductive
so it will also contribute as heating source in addition to the susceptor.

There are two mechanisms in which fibers generate heat and that relays on how
fibers make closed loop in cross-plies to host local eddy-currents: 1) Fiber heating
by joule losses and 2) Junction heating at the fiber junction which divides into
contact resistance heating and dielectric heating. Figure 1.2 demonstrates these
heating mechanisms [10].

Fiber heating by

Joule losses K\L

w
*\/”

%M
( & Junction heating by
{ Ti‘/\ﬂ—» - Dielectric hysteresis
N /“M-L r

é

- Fiber contacts

Figure 1.2: Induction heating mechanisms for fiber reinforced polymer
composites [10]
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1.1.3 Pressing

After heating of the welding interface, intimate contact must be established between
the laminates to be welded. The contact area is reduced in the existence of imper-
fections at the contacting surfaces. In order to improve mechanical performance of
the welding, it is therefore important to increase the contact area at the welding
interface, by applying pressure [2]. As soon as pressure is applied, consolidation will
be initiated due to the heat transfer.

Figure 1.3, demonstrates the time to achieve intimate contact versus consolidation
pressure [2]. Pressing can be divided into two phases: 1) Surface roughness are
removed and intimate contact is developed. 2) Molten matrix is squeezed out, dis-
placing trapped gases in the welding interface. It is crucial that polymer squeeze-out
occurs at the welding interface as quick as possible during the welding process [2],
because having gases/small bubbles at the weld zone cause stress concentrations.
Accordingly, achieving a low viscosity condition is very crucial. This is more impor-
tant for composites with high fiber volume contents and highlights the importance
of the heating step, because viscosity is temperature-dependent. In order to im-
prove polymer-polymer bond it is beneficial to apply a thermoplastic resin film at
the welding interface. The reason is the squeeze-out of the resin can be achieved
easier than composites [1].

1000
800
600

[—
B
e

400

200- —_—

0

00 05 10 15 20 25
Pressure [MPa]

Figure 1.3: Two surface in contact [11]
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1.1.4 Intermolecular Diffusion

After performing intimate contact at the interface, intermolecular diffusion and mix-
up of polymer chains is necessary to initiate the welding at the interface [2]. The
interface slowly disappears and the mechanical strength at the polymer interface
initiates. This process is referred to as autohesion. This can be divided into five
different phases [12]: 1) Surface rearrangement, 2) surface approach, 3) wetting,
4) diffusion, 5) randomization. In welding, the first three phases are part of the
pressing step whereas phases 4 and 5 are parts of the diffusion step [2]. Under
ideal conditions, the interface is not noticeable from the bulk at the end of the
process. For amorphous thermoplastic polymers, intermolecular diffusion is possible
at temperatures above T} [2]. For semi-crystalline polymers, melting temperature
T, has to be exceeded. Below melting temperature welding can not be achieved,
because crystallites bind the molecules, while above T}, intermolecular diffusion is
very rapid [2], [13].

1.1.5 Cooling

Cooling is the last step in induction welding and at this step consolidation of the ma-
terial occurs. Semi-crystalline materials will re-crystallize and amorphous polymers
retain the molecular orientation obtained previously [14]. The cooling rate deter-
mines the crystallinity and the formation of spherulites in the welding interface [2].
This will also determine mechanical properties of the weld.

1.2 Induction Heating Process

It was previously explained, heat is produced in conductive or magnetic material as
a response of these materials to the alternating current (AC) magnetic field. For this
study glass fiber Polyetherimide (PEI) is used, because glass fiber is not conductive
nor magnetic, so heat generation process is dominated by stainless steel mesh net
susceptor through joule loss and small contribution of hysteresis loss.
Manufacturing and plastic deformation of the steel mesh susceptor results in change
in magnetic properties of the susceptor, this leads to a small contribution of hys-
teresis loss [15, 16]. Since the contribution of hysteresis loss is small, it is neglected
in this study.

Joule loss: wires in a metal mesh generates heat due to the inherent resistance of
the wires and is therefore dependent on wire’s length, resistivity, and cross sectional
area.

Hysteresis loss:heating process also occurs due to hysteresis losses in ferromagnetic
materials. When these materials are exposed to an alternating magnetic field these
material will heat up [16]. Hysteresis indicates the energy which is needed to turn
around the small internal magnets of the material to align with the alternating
magnetic field. As it is illustrated in Figure 1.4, rotation of magnetic dipoles causes
friction and vibration, this energy is lost in the form of heat [16].
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Hysteresis loss Hysteresis loss depends on the area
of the hysteresis loop of the material

Energy is required to turn the
small internal magnets around. sy
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Figure 1.4: Effect of hysteresis on heating rate. N, north; S, south; B, flux
density in a ferromagnetic material; H, corresponding magnetic intensity [16].

1.3 Susceptor (heating element)

In cases where adherends are not conductive nor magnetically susceptible, heating
elements are used to provide localized heating at the weld zone. There are several
type of heating element for induction welding. They come in the form of powder or
mesh [17]. The requirement for using materials as a heating element is that they are
susceptible to the electromagnetic field and have enough electric resistance to de-
velop heat and form a conductive close-loop to host the local eddy-currents. The use
of magnetic/conductive heating elements have advantages even when the adherends
is carbon fiber reinforced. First and foremost, heat can be generated exactly where
it is necessary at the welding interface, so it prevents thermal stress development in

the work-piece. The susceptor can be also coated with resin to help blending two
matrices.

1.4 Edge Effect in Susceptor

One of the major issues associated with induction welding is an effect arising from
the geometry of the weld zone. This so-called "edge-effect" results from a coil’s prox-
imity to an edge of the susceptor. As an example, if a simple circular pancake coil is
considered, eddy currents induced in the susceptor create global current loops that

6
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are circular. Figure 1.5 (i) shows the eddy current path produced by such a coil and
an example of the corresponding temperature profile taken across line A—A, for a
susceptor that is larger than the coil. At the edges, and especially at the corners,
there is a large area for eddy currents to flow [17]. This results in lower current
densities in these regions and less heat is generated, as shown by the lower temper-
ature profiles at the edges of the susceptor. If the size of the susceptor is reduced,
as shown in Figure 7 (ii) and (iii), the eddy-currents are unable to follow the shape
of the coil. In order to create closed-loop paths, the eddy currents are then forced
to travel along the edge of the laminate in closest proximity to the coil [17]. As a
result higher current densities and higher temperatures in these regions occur, as
indicated by the temperature profiles.

global eddy current pattemn

@

=

resulting temperatmre profiles

N

i) (i) (i)

E

Figure 1.5: Edge-effect [17]

It is the higher temperatures that arise at the edge of the susceptor that is the most
difficult to eliminate and there have been some efforts to minimize edge effects, or
to avoid them altogether. The simplest and most common method is to use models
to predict where excessive edge heating may occur. Changes to the coil design can
then be made to counteract this effect [18]. However, the procedure becomes more
complex as the coil design, susceptor geometry and layup becomes more complex.
Another method was chosen to prevent edge effects by modifying the susceptor.
The process involves redirecting eddy current flow paths in metal mesh susceptors
by selectively cutting patterns in the mesh. Once again, models can be used to
predict heat generation for a given mesh configuration at first, then optimizing cut
patterns to create more uniform heating in areas where overheating may occur [19].
Along similar lines, mesh susceptors with solid foil edges, i.e. edges with zero mesh
opening, can also work to reduce the effect of edge effect. In this way, wherever the
current density is higher, the resistance is lower and therefore the temperature can

7
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be reduced [20]. Figure 1.5 illustrates the edge effect. Such high induced current
density on the edge can cause temperature gradients and thermal degradation.

1.5 Skin Effect in Susceptor

When a direct current (DC) flows through an electrically conductive material, the
current distribution over a cross sectional area of such a conductive material is
uniform. On the contrary when alternating current (AC) is applied to the same
material the distribution will become non-uniform [17]. This is due to the fact that
such induced current by an AC source tends to flow outwards at the surface of the
material instead of penetrating the cross-section with the same density as the cur-
rent develops on the surface of the material. The result of such a phenomena (skin
effect) is that most of the heat is developed on the surface of the material. Figure
1.6 demonstrates the skin-effect [17].

AC AC
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Figure 1.6: Skin-effect [17]
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In order to predict values for skin effect, the reference depth is used and defined
as the depth in which the eddy current density has reduced. The reference depth
depends on material property such as electrical resistivity, magnetic permeability
and the frequency of the coil. Skin-depth is estimated by the equation below [17].

0= 2 (1.1)
W
where p[Q2m] is resistivity of the susceptor, w|H z] is the angular frequency of the coil
and pu[H/m] is the electric permeabity. As Equation 1.1 is showing, by increasing
the frequency of the coil the reference depth decreases and thus a more shallow skin
effect is expected. Figure 1.6 demonstrates how variables shown in Equation 1.1
effects the penetration depth.

1.6 Proximity Effect

The proximity effect happens between the current in the induction coil and the in-
duced eddy-current in the susceptor. Accordingly most of the current in the coil is
forced to flow along the surface of the coil which is closest to the susceptor. The in-
duced eddy-currents in the susceptor is in the opposite direction with respect to the
current on the surface of the coil. This is an advantageous effect because currents
are attracted to each other. In order to increase the proximity effect between the
induction coil and the susceptor a C-shape flux concentrator can be placed on top
of the coil.

magnetic flux concentrator

inductor cross-section

current distribution

&

workpiece

Figure 1.7: Magnetic flux concentrator [17]

A flux concentrator is a magnetically conductive material which is able to provide an
easier path to transit and conduct the magnetic field more efficiently and effectively
than air. Three groups of materials may be used for flux concentrators; laminates
of silicon steel, ferrites and magneto dielectric materials. Flux concentrators direct,
focus and control magnetic fields into a specific area of the coil while isolates the
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areas around the coil which does not need to generate heat. In other word, it
increases the ability to enforce localized heat generation. Figure 1.7 demonstrates a
flux concentrator and its functionality [17].

1.7 Induction Welding Parameters

1.7.1 Machine parameters

Frequency:

The current frequency is an important parameter, because eddy currents are induced
due to the alternating magnetic field. Experiments show that for higher frequencies
the heating rate increases [21].

Power /Current:

According to Haimbaugh et. al [16] the power output is one of the most important
parameters of induction heating process. This is discussed further in sensitivity
studies.

Coupling distance:

When the coupling distance between the coil and the work-piece is increased the
magnetic field intensity drops. This drop is proportional to d%, where d is the
coupling distance between coil and work piece. According to Ageorges et. al [8] the

magnetic field of the coil H(A/m) is calculated by Equation 1.2 as follow.

I (Lrd

=— | — 1.2
47 /0 73] (12)

where dl is an element of the current carrying conductor and r is the position vector

between the element dl and the point P where the magnetic field H is measured.

Current intensity in the coil is /[A] and L[m] is the length of coil.

1.7.2 Material Parameters

Apart from machine parameters discussed in the previous subsection, there are sev-
eral material parameters to be used as the input for the induction heating model.
Because material properties such as resistivity are temperature dependent, it is diffi-
cult to measure these parameters and reliable data are not always accessible. Among
several properties to be used, the following material parameters are considered as
most important

Electromagnetic Material Properties:
The electromagnetic properties that are used for quasi-static modeling of induction
heating are:

o Electrical conductivity o

10
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» Relative permeability g,
» Relative permittivity e

Thermal Material Properties
The following properties are used for thermal modeling of the heating step:

e Density p
« Heat capacity C,
o Thermal conductivity kr

The density is assumed to be constant in the temperature range under analysis in
the model.

1.8 Pressure

Application of appropriate pressure is crucial for high quality consolidation [22].
However, it has been realized there is a limit to the pressure that can be applied.
This is because applying high pressure can results in excessive squeeze-out of matrix,
which can lead to low quality weld. So an optimization needs to be done between
adequate intimate contact and polymer squeeze-out. Poor pressure application can
result in the following faults:

1. Voids: appearance of voids have close relationship to deconsolidation of the
polymer. Heat expansion of small air packets trapped in the welding interface
can result in voids at the welding interface. To avoid voids it is important to
consider high surface smoothness and then apply sufficient pressure to suppress
the occurrence of voids. In some cases delamination is due to large air pockets
remaining in the welding interface and matrix. These pockets later on will
separate layers in the laminate and thus disrupt interaction between layers.

2. Cracks: it was reported that cracks occur due to thermal stresses by thermal
expansion mismatch between fiber and the matrix. It is possible to prevent
cracks by applying right amount of pressure during cooling phase. Thus the
matrix is prevented from expansion and shrinkage. Pressure must be removed
when we have a uniform temperature profile and when the temperature is well
below melt of glass transition.

3. Folds and flashes: these defects are due to misalignment as well as poor ap-
plication of pressure. In the case when the pressure is unevenly applied to the
welding area, it can result in matrix flow-out causing flashes, or it can result in
folding of the laminate at the edge of the pressure device and causes fibers to
buckle. To prevent flashes it is important not to apply too much high pressure
and in order to avoid folds it is crucial to maintain very smooth surfaces.

Residence time: residence time is the time in which the laminate is exposed to AC

11
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magnetic fields and affect the movement of polymer molecules across the welding
interface. If the machine welding parameters, frequency, power and pressure are
considered to be constant, then three welding regimes can be expected related to
the residence time and achieved final temperature for that duration; 1) non-wetting,
2) uniform fusion and 3) thermal degradation. Inadequate weld time does not allow
matrix to melt sufficiently thus the weld strength is poor. A period of uniform
fusion is described as for the residence time in which results in high quality weld,
where residence time allows the material to reach glass temperature 7,, and exceed
it for movement of polymer molecules in the welding interface. This is the optimized
regime for residence time to achieve high quality weld. Finally, if temperature during
the residence time exceeds thermal degradation will occur and consequently results
in a low weld quality.

1.9 Innovation in induction welding

Most research in induction welding of thermoplastics is on developing fast and effi-
cient heat generation process. One of the concerns in induction welding of carbon
fiber reinforced thermoplastics is the risk of current leakage from welding interface
to other layers. This is due to the fact that carbon fibers are conductive. This re-
sults in bulk heating of laminate and does not allow concentrated localized heating.
In a study done by Worrall et. al [23], layers of electrically insulating films are used
to avoid current leakage into other layers, so the heat generation is focused at the
welding interface. Figure 1.8 demonstrates this study [23].

In another work done by Farahani et. al [24], carbon nano fibers (CNFs) coated with
silver and nickel were manufactured as a conductive film to be used as susceptor.
Using this susceptor results in higher heating rate, also provides higher lap shear
strength. Figure 1.9 demonstrates this type of susceptor [24].

Carbon/PEEK (0°)
Insulator
Carbon/PEEK (20%)
Insulator
Carbon/PEEK (07)
Insulator
Carbon/PEEK (90%)
Carbon/PEEK (0*)
Carbon/PEEK (0°)
Carbon/PEEK (90")
Carbon/PEEK (D7)
Carbon/PEEK (20°)
Carbon/PEEK {0*)

Figure 1.8: Induction heating by integrated susceptor [23]
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Figure 1.9: Susceptor made of coated nano carbon fiber [24]

In a study done by Danilo et. al [25] copper wires have been integrated in GF-
reinforced thermoplastic composites so the need of using susceptor as heating ele-
ment is eliminated. Figure 1.10 demonstrates this idea [25].

@ Inductor

Alternating
electro-
magnetic field

Thermoplastic

Induced eddy ./ material

currents
Glass fibre
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Figure 1.10: Induction heating by integrated susceptor [25]
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1.10 Purpose and limitations

Purpose:

Since it was not possible to measure temperature distribution history at the welding
interface during experiment using thermal camera. The main purpose of this thesis
was to develop a simulation model in order to predict temperature distribution his-
tory at the welding interface. One of the goal of this project has been to validate
the simulation model. In order to achieve that, an experimental set-up needed to be
manufactured, so we can conduct induction welding process and record temperature
history using thermocouple at a pinpoint location at welding interface. Another goal
was to observe how different GF/PEI composites behaves during welding process
compared to carbon fiber thermopolastic composites.

Limitations:

In order to simulate induction welding of thermoplastic composites, it is required
to use a multiphysics software where we can couple electromagnetic and heat trans-
fer modules. However, it is not possible to model the complete welding process
using current multiphysics software including COMSOL. As mentioned earlier the
induction welding process also includes: pressing, intermolecular diffusion and crys-
tallization. As none of the available multiphysics softwares, such as LS-DYNA and
COMSOL, have a model for intimate contact to calculate surface contact due to
pressing, it is not possible to relate heat transfer and consolidation pressure to
intimate contact. Also, these multiphysics software are lacking a model for consoli-
dation & solidification. So considering these limitations, we are only able to model
induction heating process for the induction welding. This still allows us to predict
temperature distribution history at the welding interface using simulation model
built by COMSOL and then validate the model by experiment.
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2

Theory

2.1 Eddy current in susceptor

Eddy currents are electrical current loops induced in electrically conductive materials
by nearby alternating magnetic field. Electromagnetic phenomena in general are
governed by Maxwell’s equations [26, 27].

OE
VxB = p(J +e—) (2.1)
ot
vV E=" (2.2)
€
V-B =0 (2.3)
0B

where variables and parameters, B, J, E, p, € and p( are explained in Table 2.1.

’ Quantity ‘ Symbol ‘ SI unit ‘ Abbreviation ‘
Magnetic field B Tesla [T]
Current density (volume) J Ampere /meter? [A/m?]
Electric field E Volt/meter [V/m)|
Charge density p Coulomb/meter® [C/m?]
Permittivity €0 Farad/meter [F/m]
Permeability Lo Henry/meter [H/m)]

Table 2.1: Maxwell’s equations parameters

Equation 2.1 is Ampere law which describes how a circulating magnetic field is
produced by an electric current and by an electric field that changes with time,
Equation 2.2 is Gauss’s law for electric fields and describes divergence of the electric
field and the charge density at the individual points. Equation 2.3 is Gauss’s law
for magnetic field and explains divergence of magnetic field must be zero. Equation
2.4 is Faraday’s law of induction and explains a circulating electric field is produced
by a magnetic filed that changes with time [26, 27].
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2. Theory

The generation of eddy currents in the susceptor is governed by Amperes and Fara-
day’s laws and respective constitutive relation. The former are usually represented
by employing magnetic vector potential A.

B =V x A (2.5)

Knowing B from Equation 2.5, the electric field in the media can be found from
Equation 2.4 and the current can be obtained.

Then, from Equation 2.4 and 2.5, it yields

0A
E=- — 2.6
V x V x 5 (2.6)
By integrating both sides,it follows
0A
E=—— - 2.
= 2.7

where ¢ is the electric scalar potential.
Next step, Equation 2.8 defines Ohm’s law as follow

J=0E (2.8)

where o is electrical conductivity. Accordingly, using Equation 2.7, Equation 2.8 is
re-written as

0A
J=—0— — 2.9
0 oV (2.9)
where J; = —oV¢ is the source (excitation) current density [28].

For a frequency domain analysis by assuming sinusoidal wave forms, it is possible
to write % = iw and electric field as E = iwA, [29]. Then by placing Equations 2.9
and 2.5 in Equation 2.1 the governing equation in frequency domain becomes

(oiw + w?e)A + V x [ug ' (V x A)] = J,. (2.10)

Equation 2.1 is to be solved for magnetic vector potential A. The term Jeqq, =
(ciw + w?€)A in Equation 2.10 describes the eddy-current in the susceptor and
the right hand side represents the coil current. Accordingly the volumetric heat @)
[W/m3] generated at the susceptor is calculated by

Q=Jey - E (2.11)

2.2 Heat transfer model
In order to obtain sufficiently accurate results, a full 3D transient heat transfer

analysis is required. According to Lienhard et. al [30], the governing equation for
heat conduction is
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2. Theory

p Cp %f =Q+ V- (kVT) (2.12)
where p is the material density, C), is the specific heat capacity, T is the absolute
temperature, @) is the rate of heat generation and k is the thermal conductivity.
Anistropic heat transfer is assumed for the susceptor and the laminates according to
model proposed by Writz et. al [31] and Holms et. al [32]. In addition to conduction,
convective and radiation boundary out flux need to be applied. Convective cooling
is taken into account on all boundaries in contact with air, and is represented by
Equation 2.13.

Qe=h (T, —Tx) (2.13)
where (). is the convective out flux, h is the overall heat transfer coefficient. Ty is

temperature on the surface and T, is temperature of the surrounding air.

Radiation on the outer boundaries was defined by use of the the Stefan-Boltzmann
law for non-black body [30]. Out flux by radiation between body and surrounding
air is defined as

Q, =eo, (T} — T) (2.14)

where (), is the radiation out flux, € is the emissivity, o is the Stefan-Boltzmann
constant, Tj is the surface temperature and T}, is the temperature of surroundings
air.
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3

3D Finite Element Induction
Heating Model

3.1 Geometry

Geometry presented in the simulation is generated according to the experimental
welding setup in Figure 3.1. All domains used in the welding set up are described
below.

Coil

Pressure device

~ Ceramic ~

GF/PET

coupon 'Magnetic flux concentratc

Figure 3.1: Induction welding experimental setup

Domains: Magnetic flux concentrator, ceramic supports, two GF/PEI laminates,
two coils, the susceptor and all elements are surrounded by air. Figure 3.2 demon-
strates all domains and their arrangements in the welding setup.

19
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Magnetic flux concentrator Coil

. Susceptor GF/PEI
Ceramic

Figure 3.2: Geometry of the welding set up

3.2 Simplifications

Minimizing the complexity of such a complicated multi-physics problem is an im-
portant step in modeling induction welding process. Accordingly the following sim-
plifications have been made.

o Effect of latent heat: latent heat occurs during crystallisation and crystal
melting because of phase change in materials. This heat does not result in
raising the temperature in material but just contributes in phase change and
breaking bonds between atoms during crystal melting. According to studies
by Ageorges et. al [33] it has been observed that the effect of latent heat as
result of crystallization has negligible effect on heat transfer at the welding
interface. This is due to the fact that only very small portion of material goes
through phase change during welding process. Figure 3.3 shows this influence.

6

s Temp. without Latent Heat
—— Temp. with Latent Heat

Crystal Melting
- Endotherm
T PEEK

0

F-Y

Temperature [10° °C]
[ ]

1 Crystallisation
Exotherms
0 1 [ 1 |
0 1 2 3 4 5
Time [10% s]

Figure 3.3: Effect of latent heat in fusion bonding 3.3
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3. 3D Finite Element Induction Heating Model

o Material model: in order to provide material properties for COMSOL sim-
ulation model, homogenized material properties for the metal mesh susceptor
were derived according to Writz et. al [34] were used to calculate effective in-
plane thermal and electrical conductivity of susceptor, see section 3.5.3. Also
for glass fiber polyetherimide a homogenization heat transfer model according
to Holms et. al [32] is used to take into account in plane and out of plane heat
conductivity of laminates, see section 3.5.4.

« Temperature dependent material properties: Temperature dependent
has been implemented for the electrical conductivity.

o Density: density of materials used in the process are assumed to be constant.

o Heating process: the major heating mechanism in the susceptor is due to
resistive heating or joule loss. There is potentially a small contribution of hys-
teresis loss in the susceptor but this contribution of hysteresis loss is considered
negligible.

e Surface grooves: surface smoothness has a direct effect on heat conduction
between parts. A poor contact due to surface roughness leads to poor heat
conduction between parts. This results in heat to be trapped in some parts of
the welding set up and lead to sudden raise of temperature.

3.3 Magnetic field

The electrodynamics part of induction welding process is the dominating physics in
building simulation model. It is so because of implementation of physics controlled
meshing. All domains are considered in magnetic field module (MF) of COMSOL.
For the initial values in this module, the magnetic vector potential is set to zero
because there is no current in the coil at the time t = 0.

3.3.1 Domains

Domains containing magnetic or conductive elements and domains with high per-
meability play crucial role in the MF module. Important domains to be considered
in MF module are therefore: susceptor, magnetic flux concentrator and coil.

Coil: the hollow coil used in the setup has a square cross section.

Magnetic flux concentrator (MFC): the MFC is used in order to curb magnetic
fields generated by the coil by keeping the field inside MFC. Concentration of mag-
netic field also improves proximity effect described previously as it is shown in the
Figure 1.7.
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Figure 3.4 demonstrates how magnetic field is concentrated due to using magnetic
flux concentrator.

freq(l)=2.65E5 Hz Streamline: Magnetic flux density Surface: Magnetic flux density norm (T)

A 03

Figure 3.4: Magnetic flux concentrator function

3.4 Boundary conditions

For both MF module and HT module boundary conditions need to be defined ac-
cording to the experimental set up. In order to do so boundary conditions are
divided in two categories and discussed separately for both MF and the HT module.

3.4.1 Electromagnetic boundary conditions

Magnetic insulation:

boundaries of the air domain is considered as magnetic insulation, it means mag-
netic field can not get through the boundaries of the air domain. In fact COMSOL
requires air domain to be defined where ever it needs to calculate the magnetic fields.

Boundaries for coil current:
Both ends of each coil are assigned to a current of 471 Ampere. Directions of
the current in the coils are opposite. Figure 3.5 demonstrates how currents are

introduced for coils.
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Figure 3.5: Current introduced in the boundaries of coils

e

Figure 3.6: Temperature introduced to the boundaries of coil
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3.4.2 Heat transfer boundary conditions

Conduction:

« For all solid surfaces in contact with each other such as; ceramics, coil, flux
concentrators, laminates and susceptor thermal flux continuity is assigned.

o Since temperature of coil increases to 370 Kelvin, all boundaries of the coil is
set to this temperature. Figure 3.6 shows how boundaries are chosen. The
coil is water cooled so the temperature of the coil does not exceed 370 Kelvin.

 Initial temperature for all surfaces in other domains including: magnetic flux
concentrator, ceramics, GF/PEI samples and Susceptor are set to room tem-
perature, 293 Kelvin.

Radiation: radiation cooling is assigned to all surfaces in contact with air. The
constant of surface emissivity is chosen as € = 0.9 according to Tolbot et. al [35].
Convection:

Heat flux for convection cooling is also assigned to all surfaces in contact with the

air, the constant for the heat transfer coefficient is set to h = 5% according to

Talbot et. al [35].

3.5 Material properties

In order to predict the behavior of the materials in an electromagnetic environment,
which results in heat generation, both electromagnetic and thermal material prop-
erties need to be defined. Values for material properties were taken from literature
and material suppliers.

3.5.1 Coil

Electromagnetic and thermal material properties for both coil domains are provided
as input for simulation model as in Figure 3.7. Physically there is one coil, but in
order to reduce the size of model two coil domains are used in the model. The coil
is made of 99% pure copper and the material properties are taken from COMSOL
library.

Property Value Unit
Relative permeability 1 1
Electrical conductivity 3.998e7[5/m] 5'm
Coefficient of thermal expansion .'IF"E-E['I;’K] 1/E
Heat capacity at constant pressure 3850/ (kg™K)] 1 (kg K)
Relative permittivity 1 1
Density 8960[kg/m~3] kg/m*
Thermal conductivity A00[W/ m™K]] W/ [me K

Figure 3.7: Coil material properties
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3.5.2 Magnetic flux concentrator

Electromagnetic and thermal material properties for MFC are provided as input for
simulation model according to Table 3.1. The Magnetic flux concentrator is called
Ferrotron 559H and is manufactured by Fluxtrol. Material properties are provided
by manufacturer.

‘ Symbol ‘ Property Unit ‘ Value ‘
Ly Relative permeability 1 18
o Electrical conductivity S/m 10
€r Relative permittivity 1 1
kr Thermal conductivity W/(m.K) 4
o Density kg/m? 1000
C, Heat capacity at constant pressure | J/(kg.K) | 1000

Table 3.1: Magnetic flux concentrator material properties

3.5.3 Susceptor

The susceptor used is a plain weave mesh with wire diameter of 40um and open
gap width of 90um. This square woven metal mesh susceptor is made of stainless
steel 304. Figure 3.8 demonstrates the susceptor used for this set up [35]. Table 3.2
shows dimensions of susceptor, such as diameter of filament etc.

‘ Variable ‘ Dimention ‘ Value ‘

dx wire diameter (x-direction) (mm) | 0.040
dy wire diameter (y-direction) (mm) | 0.040
Mx number of wires in x-direction 200
My number of wires in y-direction 200

Cy compression factor 1

n number of screen 1
Length (mm) 25.4
width (mm) 12.7

Table 3.2: Susceptor dimensions

Figure 3.8: Susceptor cell unit [35]
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Material properties of 304 stainless steel are available [35], however the equivalent or
homogenized material properties of metal mesh net stainless steel with PEI polymer
in the gaps needs to be calculated as this is not predefined in COMSOL.

’ Symbol \ Property \ Unit \ Value ‘
) Density (kg/m3) | 8000
Cy Specific heat (J/kg.K) 500

kr Thermal conductivity | (W/m.K) | 16.2
o Electrical conductivity | 1/Q.m | 714285

Table 3.3: Stainless steel 304 material properties

Material properties provided in Table 3.3 can not be used directly in the simulation
model for the susceptor, because we have gaps in the susceptor which are filled with
PEI polymer, so here in fact we have a mixture of stainless steel and polymer and we
need to address material properties according to this mixture. Homogenized or ef-
fective material properties must be derived according to the dimensions provided in
Table 3.2. In order to calculate effective material properties, in-plane effective ther-
mal and electrical conductivity of plain-weave metal mesh is calculated according to
Writz et. al [31]. Thermal conductivity by Equation 3.1 and electrical conductivity
is calculated by Equation 3.2.

L
k= 1
R A (3.1)
A Rg
o=—7 (3.2)

where L is the length of element, A is cross section area and Ry is thermal resistance
and Ry is electrical resistivity.

Compression factor is defined by C; = t/(nyer - 2d), where ¢ is the thickness of
the metal mesh susceptor, 744, number of layers and d diameter of wires. For
the susceptor used it is assumed that compression factor is C'y = 1 and diameter of
wires in both x-direction and y-direction are equal, d, = d,,. Figure 3.9 demonstrates
schematic of unit cell as well as wire diameters.

Since wire diameters are the same, in order to calculate in plane heat and electrical
conductivity there is no need to split in plane conductivity in two parts for x and y
directions. Here we assume that PEI polymer and susceptor are embedded in each
other.
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+—1/Mx e N 1 I
Sl T
. -
.‘...__.____}3_ 3-

Figure 3.9: one unit cell of the metal mesh susceptor [31]

In order to simplify the calculations, the true unit cell is approximated by a simple
geometry according to Figure 3.10. This helps to derive the related thermal circuits
associated to one cell unit for both in plane and out of plane thermal conductivi-
ties. The wire filament lengths in unit cell needs to be calculated by Equation 3.3
according to Writz et. al [31].

d,. M,
1

i 49.2(dy‘iw”"‘)2] (3.3)

L1+ 0.6(

S =31,

Thermal circuit associated to in plane heat conductivity for one unit cell shown in
Figure 3.11 is demonstrated in Figure 3.12.

1
o ndy4g
&, ,fiﬂdy?flg
— |
X I
|
I
I
I
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|
g~ndx.|'2
1
T T e
Sx 7

Figure 3.10: Transformed unit cell [31]
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Rs2

ReEnl

Rsl

Figure 3.11: In plane thermal configuration for one cell

Heat
vt
Iy %
Rso g Rpgp % Rpen g sz g AT
3

Figure 3.12: In plane thermal circuit of one unit cell of the metal mesh susceptor
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To calculate thermal resistance for each pathway Equation 3.4 is used.

L
= 4
= 1A (34)

where L is the length of the element and £ is thermal conductivity. According to
Equation 3.1, Rpgy is thermal resistance for PEI polymer and Rg thermal resistance
for stainless steel wire presented by equations below

L

Rppr = — (3.5)
L

Rs = (3.6)

According to Figure 3.12, total thermal resistance for = or y directions (in-plane
heat conductivity) is

1 ( 2 1 1 ) 57)
R, Rso  Rppra  2Rso + Rpen '
where Rgs , Rs1 , Rprr1 and Rpgro are defined by equations below, where g = 4_”Cf,
according to Writz at. al [31].
292
Roo = 3.8
52 ks ™S, (3.8)
85,
4g (Sy — g.dx)
= 1
Rpen [—— (3.10)
49 S,
R = 3.11
e (kper ™ dy) x (S — g dy) ( )

In the next step, it is required to calculate out-of-plane heat and electrical conduc-
tivity. Thermal circuit associated to out-of-plane heat conductivity for one unit cell
shown in Figure 3.13 is demonstrated in Figure 3.14.

29



3. 3D Finite Element Induction Heating Model

Rss

E=4

=

"""-—-_[//
RPE3

Figure 3.13: out-of-plane thermal thermal configuration for one cell

Heat

S

A% Ry g
Parallel
4*R, g RPEM% AT

Parallel
A* R gy g
Parallel

Figure 3.14: out-of-plane thermal circuit for one unit cell of the metal mesh
susceptor

Accordingly effective thermal resistance for out-of-plane cell is calculated by the
following equation

1 ~( 4 1 4 ) (312)

— + -
Ry Rsy  Rppra  Rss+ Rpers
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where Rgs3, Rpgr3, Rprra and Rgy are defined as follow

(0

Rg3 = k(S — g dr) - g 20° (3.13)
Rpprs = Fpmr (S, — ; 02) - g 257 (3.14)
Rrpr = kper(Se —g Zxcsa(chc — g dx)2g (3.15)
Ry = ksizdx. (3.16)

In order to calculate equivalent density and equivalent specific heat rule of mixture
is incorporated. Equation 3.17 calculates equivalent density for susceptor and PEIL
Equation 3.18 is used to calculate the equivalent specific heat for the susceptor.

Psusceptor — Psteel V;teel + PPEI * VPEI (317)

_ Psteel - Visteel - CPsteel + PPEI ° Veer - CpP PEI 1
CP susceptor — (3 8)

,Osusceptor

where pge.; and pppr are respectively the density of stainless steel 304 and polyether-
imide matrix. Ve and Vpgr are respectively the volume fraction for stainless steel
and polyetherimide matrix.

In order to calculate the thickness of the susceptor according to Xu et. al [31],
Equation 3.19 is used.

t, =n Cy - (dz + dy) (3.19)

where n=1 is number of screens.

Effective material properties for the susceptor embedded in PEI polymer are pro-
vided in Table 3.4.
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Temperature dependent electrical resistivity:

’ Symbol \ Property \ Unit \ Value ‘
p Density (kg/m3) | 2955
ky.y Thermal conductivity (in plane) (W/m.K) 2.1
k. Thermal conductivity (out of plane) | (W/m.K) 1.1
o Electrical conductivity 1/Q.m | 84465
Viteel Volume fraction Ve - 25/100
C, Specific heat J/(kg-K) | 1000

Table 3.4: Effective material properties for susceptor

In order to take into account temperature dependent material properties, conduc-
tivity of the susceptor is defined as a function of temperature according to Figure

3.15, based on information provided by manufacturer.

sigma(t) (5/m)

sigma(t) (S/m)

90000~
88000~ ~
86000+ ~
84000+
82000
80000+
78000+
76000+
74000+
72000
70000
68000
66000+
64000+

300

400

500

t (K)

600

Figure 3.15: Temperature dependent conductivity of the susceptor

3.5.4 Glass fiber polyetherimide laminates

700

Samples used in the experiment are cut from laminates made of 8 plies. Each ply is
made of 8 harness satin weave glass fiber. Figure 3.16 demonstrates the glass fiber
arrangements in one ply.
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Figure 3.16: 8 harness satin weave glass fiber [36]

In order to find material properties for the laminate, PEI polymer as well as glass
fibers needs to be homogenized as one solid element. To do so, a heat transfer mate-
rial model according to Holms et. al [32] is used. Using rule of mixture longitudinal
thermal conductivity of the laminate is calculates by Equation 3.20.

kr = kryVay + kpeiVeer (3.20)

where Vg is volume fraction for glass fiber, Vpg; is the volume fraction for PEI
polymer, kpgr is the thermal conductivity of PEI polymer, ks is longitudinal heat
conductivity of glass fiber. Here longitudinal and transverse heat conductivity of
glass fiber, kry are assumed equal, by = kry.

For transverse heat conductivity of the laminate, inverse rule of mixture is used
according to equation 3.21.

1 Ve n Vper
kr kny o kper

(3.21)

Since there are 8 satin weave plies (equivalent to 16 unidirectional plies) as the
quasi-isotropic stacking sequence and plies are arranged is [90, 0]4s configuration, it
is important to calculate each layer’s conductivity through a standard coordinate
transformation.

kll . m2 712 k L
o)< [ ] [ .
where k1; and k9o are transformed thermal conductivities in the standard coordinate

system. m = cosf and n = sin 6. In order to calculate effective thermal conductivity
of the laminate for all the plies Equation 3.23 is used.

N
= Z f [k11) (3.23)

The obtained effective heat conductivity and homogenized material properties of
GF/PEI laminate are provided in Table 3.5.
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’ Symbol \ Property \ Unit \ Value ‘
p Density (kg/m3) | 1910
K.y Thermal conductivity (in plane) (W/m.K) | 0.540
kr Thermal conductivity (out of plane) | (W/m.K) | 0.371
v Volume fraction 1 0.5
C, Specific heat J/(kg - K) | 1263

Table 3.5: Effective material properties for GF/PEI laminate

3.6 Mesh

Due to having multi physics problem, different mesh densities for different domains
are required to solve the problem. The mesh sequence is prioritized according to
domains requiring highest density mesh. Figure 3.17 demonstrates how different
domains are prioritized.

I iy Multiphysics
4 f Meshes
4 A Mesh 1
Al size
4 [ Boundary Layers(SUSCEPTOR)
/% Boundary Layer Properties
4 [F Boundary Layers 1
,{}, Boundary Layer Properties
e @ Free Tetrahedral 1

Figure 3.17: Meshing sequence

Here, the susceptor acts as a heat source. Due to high frequency of the alternating
magnetic field generated by the coil, this results in micro level skin-depth in the
susceptor, where eddy-currents are formed. In order to have sufficient accuracy in
calculating eddy currents, at least two element should be fit within the skin-depth
in the susceptor. The estimated skin-depth is:

2
§=]L =377 x107°m (3.24)

Hw

Accordingly, boundary layer with the thickness of 1.5 x 10~%m for all sides of sus-
ceptor is used.

The second priority in mesh tree sequence is the coil, where boundary element is
used. Figure 3.18 demonstrates coil mesh and boundary layers in its cross section.
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Figure 3.18: Coil boundary mesh

For other domains including; laminates, ceramics, magnetic flux concentrator and
air, free tetrahedral elements is used. Figure 3.19 demonstrates the final mesh of
all domains. Total number of elements are 153668 and the number of degrees of
freedom is 1705413.
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Figure 3.19: Final mesh

Simulation model flowchart

Figure 3.20 demonstrates a flowchart of both way coupling heat transfer and elec-
tromagnetic module in COMSOL multiphysics used to build simulation model.
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Figure 3.20: Simulation algorithm in COMSOL multiphysics

First geometry is defined

Temperature dependent material properties are called.

Coil geometry analysis calculates the current density in the coil.

Magnetic field module calculates the magnetic field and eddy currents.

Heat transfer module calculates the temperature at all domains by considering
conduction, radiation and convection.

The first condition in the flowchart checks if there is any increase in the tem-
perature compared to previous time step. If "Yes' it requests for updated
material properties according to the new temperature, if "No" it goes for the
next time step. Then the second condition checks if the duration of simulation

is finished.



3. 3D Finite Element Induction Heating Model

3.7 Numerical results

In order to have a clear image of induction heating and heat distribution process in
different component of welding jig, it is important to follow up steps which dominate

heat generation process.

3.7.1 Eddy-current

According to Faraday’s law alternating magnetic field produces electric field within
the susceptor, this electric field induces electric current in the susceptor which ac-
cording to Ohm’s law results in heat generation by joule losses. Figure 3.21 demon-
strates eddy current distribution in the susceptor. The pattern of eddy current
density is affected by the geometry of the coil as well as the proximity between the

coil and the susceptor.

freq(1)=2.65E5 Hz Current density norm (A/m?)
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Figure 3.21: Eddy-current distribution on susceptor

Figure 3.21 shows four spots on the susceptor with high concentration of eddy cur-
rents. These areas might be locations with high temperature gradients.

3.7.2 Volumetric heat generation and temperature

It is important to identify volumetric heat generation pattern on the susceptor. This
can help to predict spots with high temperature gradient. Figure 3.22 demonstrates
volumetric heat generation of the susceptor. As expected this pattern correlates well

with the eddy current distribution.
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Time=100 s Volume: Total heat source (W/m?)

Figure 3.22: Volumetric heat source in susceptor

Figure 3.23 demonstrates the temperature distribution on the susceptor. As it can
be observed temperature pattern is different from eddy current distribution and
volumetric heat generation. The reason for lower temperature gradient on the upper
side of the susceptor is because of the welding jig configuration. In fact, for the upper
side of susceptor there is a ceramic support for the sample which also acts as a heat
sink therefore reducing the temperature gradient.

Time=100 s Surface: Temperature (degC)

-
300
250
200
. 150
b x

Figure 3.23: Temperature distribution in susceptor

Figure 3.24 provides a side view of the heat distribution in the GF/PEI samples and
Figure 3.25 demonstrates in plane heat distribution on the top surface of the GF /PEI
sample. As it can be observed areas with high temperature gradient in the susceptor
are directly affecting samples. These areas are prone to thermal degradation as it is
later shown in experimental part.
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Time=100 s Surface: Temperature (degC)
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Figure 3.24: Temperature distribution in samples from susceptor

Surface: Temperature (degC)
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Figure 3.25: View of temperature distribution in the top surface of the GF/PEI
sample
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3.7.3 Sensitivity analysis

The goal of the sensitivity analysis is to understand which parameters have most
influence in the heat generation process. According to a study done by Moser et. al
[21], among machine parameters, frequency, coil current and coupling distance have
significant effect on temperature deviation. The electrical conductivity, relative per-
meability, thermal conductivity and heat capacity have by far less influence. Results
for sensitivity studies for parameters such as, frequency, coupling distance, coil cur-
rent, electrical conductivity, heat conductivity and heat capacity, C, are therefore
presented below. For this sensitivity study each parameter is varied by -20%, -10%,
10% and 20% around the reference value.

The reference for the evaluation of parameters variation on induction heating of the
susceptor is the average temperature of the susceptor after 60 seconds of heating.
The reference machine parameters for this sensitivity study are according to Table
3.6 and 3.7.

For this sensitivity analysis only one parameter at the time is varied and other
parameters were kept fixed.

| Variation % | Coil curent [A] | Coupling distance [mm] | Frequency [khz] |

+20 265 6 3.17
+10 518 5.5 291

0 471 5 2.65
-10 424 4.5 2.39
-20 377 4 2.13

Table 3.6: Machine parameter variation for sensitivity analysis

Variation % | Cp [J/(kg - K)] | Heat cond [W/(m - K)] | Electric cond [S/m] |

+20 1217 kwy—=2.59 , k,—1.31 92400
10 1116 kwy—=2.37 , k=121 84700

0 1015 kpy=2.16 , k.—1.1 77000
-10 914 kry= 194 k.= 0.99 69300
-20 813 Kry=2.59 , k.= 0.88 61600

Table 3.7: Material properties variation for sensitivity analysis

3.7.3.1 Sensitivity analysis result

Frequency: Figures 3.26 and 3.27 demonstrate the influence of frequency on av-
erage temperature of the susceptor. The deviation of 10.5% for 10% increase in
frequency is observed. Accordingly, we can categorize coil frequency as a parameter
with high importance.
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Figure 3.26: Sensitivity analysis for frequency
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3. 3D Finite Element Induction Heating Model

Frequency places important role on both computation and temperature, changing
frequency not only affects temperature significantly but also it affects computational
cost. As for high frequencies because of small skin-depth there is need for high den-
sity mesh element size.

Coupling distance: Figures 3.28 and 3.29 show sensitivity analysis for coupling
distance between the coil and susceptor. Deviation of 7% for 10% decrease in cou-
pling distance is observed. Accordingly coupling distance has the least significance
among machine parameters in induction heating.

Coupling = [-20%]

degC Coupling=[-10%]  degC

Coupling = [0%]

400 400
350 350
1300 300
250 250
1200 200
150 150
100 100
50 50
Coupling = [+10%] degC Coupling = [+20%] degC
400 400
350 350
300 | 300
250 ' 250
200 L] 200
150 150
100 100
50 o, 50

Figure 3.28: Susceptor temperature for sensitivity analysis for different coupling
distances
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3. 3D Finite Element Induction Heating Model

Coupling distance sensitivity analysis
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Figure 3.29: Sensitivity analysis for coupling distance

Coil current: Figures 3.30 and 3.31 demonstrate the influence of the coil current
on average temperature. Deviation of 9% for 10% increase in coil current can be
observed. Accordingly the coil current is also a parameter with high significance for
induction heating after frequency.

Current sensitivity analysis
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Figure 3.30: Sensitivity analysis for coil current
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Figure 3.31: Susceptor temperature for sensitivity analysis for different coil
currents
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3. 3D Finite Element Induction Heating Model

Heat capacity & heat conductivity: Sensitivity analysis for heat capacity was
performed. As Figure 3.32 demonstrates deviation of 0.12% for 10% increase in heat
capacity can be observed. Accordingly heat capacity has negligible effect on heat
generation process.

Heat capacity sensitivity analysis
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Figure 3.32: Sensitivity analysis for heat capacity

Sensitivity analysis for both in-plane and out of plane heat conductivity was per-
formed. As Figure 3.33 demonstrates deviation of 0.03% for 10% increase in heat
conductivity can be observed. Accordingly heat conductivity has negligible effect
on heat generation.

Heat conductivity sensitivity analysis
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Figure 3.33: Sensitivity analysis for frequency

Electrical conductivity: Sensitivity analysis for electrical conductivity was per-
formed. As Figure 3.34 and 3.35 demonstrate deviation of 3.8% for 10% increase
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in electrical conductivity can be observed. Accordingly electrical conductivity has
accountable effect on heat generation process.

Electrical conductivity sensitivity analysis
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Figure 3.34: Sensitivity analysis for electrical conductivity
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Figure 3.35: Susceptor temperature for sensitivity analysis for different electrical
conductivities
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4

Experiment

In order to validate results from simulation model experiment for induction weld-
ing has been done at thermoplastic composites laboratory at Ecole de technologie
supérieure, ETS in Montreal, Canada.

4.1 Experiment set-up

Figure 4.1 demonstrates the induction welding machine. Induction welding was
performed on samples. Figure 4.2 demonstrates dimensions for samples used in
the experiment. Temperature history was measured at the welding interface using
K-type thermocouples. The induction welding setup includes an induction heating
device (power supply and work head), a pneumatic cylinder to apply pressure, a
welding jig, and a temperature acquisition system. The induction heating device is
a 10 kW Ambrell Easy Heat machine with a frequency ranging from 150 kHz to 450
kHz and maximum out put of 750 A.

Wie®e®-
'i"li.‘ll:.z.:ua.:h e

Figure 4.1: Welding set-up
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:I 25.4 mm

GF/PElI Laminates

Figure 4.2: Dimensions for sample

4.2 Welding set-up

After cutting laminates according to ASTM1002D, as Figure 4.3 is demonstrating,
a layer of neat thin film of PEI is placed on both side of the susceptor at the welding
interface. This neat film helps for better squeeze out and removing air bubbles at
the weld zone. A thermocouple is placed at the welding interface 3mm of the edge
of susceptor as it is shown in Figure 4.4, where edge-effect is present. The position
of the thermocouple is shown in the Figure 4.3. Dimensions for the susceptor are
25.4mm by 12.7mm with the thickness of 80um. The dimensions of neat film PEI
are 25.4mm by 12.7mm with the thickness of 100um.

Figure 4.3: Welding set up
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Figure 4.4: Thermocouple location

4.3 Welding parameters

The coil frequency is chosen automatically by the welding machine at 265kHz. So
the only parameters to modify are coupling distance and coil current. After multiple
tests for identifying the significance of thermal degradation due to edge-effects and
temperature gradient, it was decided to set the coupling distance to 5 mm and the
current to 471 Ampere. The applied pressure was 0.8MPa for all tests. Welding
machine is programmed to cut the power automatically when temperature reaches
to 350 degrees. The reason for choosing auto shut down is due to safety.

Weldings with two different output currents are presented below, Figure 4.5 shows
welding with 550 Ampere current in the coil. Figure 4.6 shows welding interface
with 471 Ampere current in the coil.

Figure 4.5: Welding with 550 A

As Figure 4.5 shows, for the current of 550 Ampere, there is a region where material
degradation is observed due to high temperature gradient. The reason for such
a high temperature gradient at the welding interface is due to high heat capacity

49
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of PEI matrix as well as low heat conductivity of the glass fiber and PEI matrix.
Such a low heat conductivity results in heat to be trapped in areas where we have
edge-effects and results in high temperature gradient. As it was also discussed for
Figure 3.23, on the side where there is ceramic support thermal degradation has not
occurred while for the upper side heat traps in the edge-effect zone and it resulted
in thermal degradation. Observation from welding with 471 Ampere shows most
materials at the welding interface are not melted. These experiments show GF/PEI
is such challenging material to weld and reveals the need for designing a susceptor
with improved thermal and electrical conductivities.This will be the future work.

Figure 4.6: Welding with 471 Ampere

Temperature history: Figure 4.7 temperature history captured by a termocouple
3mm off the edge of susceptor.

400 . . .

300 T

Temperature
]
-]
-

100 i

0 50 100 150 200
Time

Figure 4.7: Welding process temperature history
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4.4 Idea for conductive cooling at the edge-effect

As it can be observed in Figure 4.5, in welding with 550 Ampere thermal degrada-
tion occurs. Thermal degradation affects mechanical performance of the weld and
results in weak joints. There have been different methods to tackle this issue. For
example Moser et. al [21] has suggested forced convection for cooling the surface in
welding carbon fiber thermoplastics for susceptorless induction welding. However
this method can not be used as in our study the heat is concentrated at the welding
interface. As Figure 4.8 shows there is a high temperature gradient at the right side
of the welding zone due to edge-effect, while for the left side a tiny contact between
susceptor and the ceramic support of the welding jig has reduced the temperature
gradient and eliminated the thermal degradation.
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Figure 4.8: Bypassing heat at the welding interface (top view)
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Figure 4.9: Bypassing heat at the welding interface (side view)
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4. Experiment

This is due to the fact that the ceramic has higher thermal conductivity compared
to GF/PEI, so it acts as a heat sink. Figure 4.9 shows the side view of the coupons
and ceramics. As it can be observed there is a significantly larger heat flow on the
left side in Figure 4.9 and that is why there is no thermal degradation in that part.

Temperature history was measured on both side of susceptor at locations with 2mm
off the edge as it is shown in Figure 4.10. As the plot is showing after t = 27 seconds
onward, for heating with the frequency of 265 kHz, the current of 550 Ampere and
coupling distance of 5.5mm, temperature in the region with conductive cooling is
noticeably less than the opposite side. Such a temperature difference seems to be

sufficient to prevent thermal degradation on the left side.

Figure 4.11: Two more samples welded by 550 Ampere with conductive cooling
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Conductive cooling or bypassing heat could be a simple and cheap solution to con-
trol the excessive heat on the edge of susceptor due to edge-effect. Specially when
dealing with material such as GF/PEI in which behaves as a heat insulator due
to low heat conductivity. These properties of GF/PEI makes it such a challenging
material to work with.

Figure 4.12 demonstrates welding carbon fiber-polyphenylene sulfide (CF/PPS)
compared to GF/PEI As it is shown there is non melted materials at the weld-
ing interface due to low in plane heat conductivity of GF/PEIL However looking at
CF/PPS there is no unmelted material at the welding interface. This is due to high
heat conductivity and electrical conductivity of the carbon fibers in which not only
contribute in heat generation but also improve in plane heat conductivity at the
welding interface.

Figure 4.12: Comparison between “Carbon Fiber-Polyphenylene sulfide” and
“Glass Fiber polyetherimide”
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Validation

5.1 Simulation model validation

Figure 5.1 demonstrates temperature distribution history during 100s of induction
heating process at the welding interface. The welding parameters for experiment

and simulation model is shown in Table 5.1.

Comparison between experiments and simulation model
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Figure 5.1: Comparison between experimental results and simulation model

’ Reference parameters \ Unit \ Value ‘
Coupling distance mm 5
Coil current Ampere | 471
Coil frequency kHz 265

Table 5.1: Machine parameters
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5. Validation

5.2 Error identification

When it comes to conducting experiments for validating the simulation model, it
is important to know what makes the simulation model different from experiment.
Also it is important to understand which condition is idealized in the simulation
model compared to experiment. Below the two most important factors affecting our
experiment have been discussed.

5.2.1 Thermocouple

Different factors can affect the difference between simulation and experiment results.
For this experiment the sensor used for measuring the temperature was K-type ther-
mocouple. Since thermocouples are electrically conductive there is induced current
in the thermocouple which appears as error. This error was measured by exposing
the thermocouple to the coil with the same welding parameters and the measured
error is about 30 degrees which was added to the final result of simulation. So one
of the reasons for having higher rate of raising temperature in the experiment is due
to induced current in the thermocouple.

Figure 5.2 demonstrates the induced current which appears as error in the thermo-
couple. The effect of induced current in thermocouple on final result of simulation
with and without correction are demonstrated in Figure 5.3.
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Figure 5.2: Induced current in thermocouple
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Induced current correction
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Figure 5.3: Comparison between simulation result with and without correction of
induced current

5.2.2 Contact and surface smoothness

The second most important factor resulting in error is the contact between compo-
nents at the welding jig. The simulation model all surfaces are perfectly smooth and
the contact between all components is assumed flawless and perfect. This results in
an idealized heat conduction between different components at the welding jig in the
simulation model. Such an idealized heat conduction between components results
in lower heating rate in the simulation model compared to experiments. Grooves
and lack of perfect contact in experiment affect heat conductivity and heat remains
trapped which results in higher rate of heating.

One way to demonstrate this is by considering non smooth contacts equivalent to
lower heat conductivity and assume higher heat conductivity equivalent to perfect
contact. Accordingly, Figure 5.4 shows how 40% increase and 40% decrease in
heat conductivity of ceramic components of the welding jig can affect the mean
temperature of the susceptor. As it can be observed the maximum 4.5% deviation
of mean temperature of susceptor is observed for 40% decrease in heat conductivity
of the ceramic support. The plot in Figure 5.4 shows that when the heat conductivity
of ceramic support is reduced the heat is trapped in the susceptor and higher mean
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temperature of susceptor is observed.

4Ceramic heat conductivity sensitivity analysis
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Figure 5.4: Heat conductivity of ceramic affecting mean temperature at welding

interface

Such a deviation by changing heat conductivity shows that smoothness of the con-
tact surface between components of the welding jig plays an important role in the
heat transfer. Considering these errors, also by comparing results from experiment
and simulation model in Figure 5.1, the simulation model shows sufficient accurate
prediction of temperature history during welding process.
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Conclusion

Validation of simulation result with experiment showed acceptable accuracy. The
model proposed by Holms et. al [32] for homogenisation of thermal conductivity
of GF/PEI laminate was used. Also, the model for homogenization of thermal and
electrical conductivity of susceptor according to Writz et. al [31] provided estima-
tion of in plane and out of plane material properties.

However welding GF/PEI proved to be very challenging. Due to low heat conduc-
tivity of the PEI polymer and glass fibers high temperature gradients occur at the
welding interface. Edge effect on susceptor results in thermal degradation and low
conductivity of materials result in unmelted polymer at the welding interface. A
simple solution was suggested to prevent thermal degradation by bypassing the heat
at the edge effect zone. However, in order to gain a homogeneous heat distribu-
tion at the welding interface there is a need for designing susceptor where heat and
electrical conductivities are optimised in a 3D network. Since none of the softwares
currently available provide simulation for intimate contact and consolidation, the
focus of this thesis was limited to modeling induction heating for induction welding
process.

Results from sensitivity analysis showed that machine parameters such as coupling
distance, current and frequency have the highest effect on the heat generation pro-
cess. In terms of material properties, heat capacity and thermal conductivity have
negligible effect on heat generation process while electrical conductivity has notice-
able effect on heat generation in the susceptor.
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6.1 Future work

For the future work as a PhD student the focus will be addressing issues observed
during experiments. The main issues in induction welding GF/PEI using conven-
tional metal mesh susceptor are listed as below

e Spots with high temperature gradients due to edge effect.

o Unmelted polymer at the welding interface because of low heat conductivity
of PEI polymer.

o Low heating rate due to low electrical conductivity of the metal mesh suscep-
tor.

Issues mentioned above can affect mechanical performance of the weld. Recom-
mended solution to improve weld quality lays in preventing high temperature gra-
dient and improving electrical and thermal conductivity in the susceptor. This can
not be done using conventional metal mesh susceptor. In order to generate ho-
mogeneous heat at the welding interface, it is required to design a susceptor by
distributing electrically conductive nano particles such as graphene, nano wires and
etc. This distribution must first counter act the pattern of magnetic field on the
susceptor to avoid edge effect, secondly it should provide with fast heating rate and
improved heat conductivity at the welding interface to prevent unmelted regions.
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