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Abstract

The curing behaviour and the mechanical behaviour of susceptor-assisted induction-cured

adhesively bonded joints has been investigated. InductionHeating (IH) was established by mix-

ing Iron particles into a two component epoxy paste adhesive. The effect of different process

parameters, such as particle content, coupling distance and coil current, on the IH curing process

was evaluated by experimental tests and simulation of the induction heating process in COMSOL

multiphysics. The process simulation showed that hysteresis losses has a major contribution for

the heat generation of IH using Iron particles. Differential scanning calorimetry (DSC) analysis

was used to assess the effect of susceptor particles on the cure behaviour of the adhesive. The

results showed that the Iron particles do not interfere withthe curing process of the epoxy adhe-

sive in scope.

The mechanical performance was evaluated through Single Lap-Shear (SLS) testing at different

volume-percentages of Iron particles in combination with glass fibre reinforced plastic (GFRP)

adherends. Induction-cured SLS samples were compared withconventional oven-cured SLS

samples. In the oven cured samples, the addition of Iron particles resulted in a decrease in the

lap-shear strength of 15% to 20%, even for a volume-percentage as low as 0.5%. An additional

increase in particle content up to 7.5v% did not show any additional reduction in the lap-shear

strength. Furthermore, results show that when curing the adhesive layer from the inside, as in

the susceptor-assisted induction heating, the lap-shear strength is 6% higher than in oven-cured

samples (curing the adhesive layer from the outside).
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1. Introduction

The autoclave curing process is known to be the current manufacturing technique that pro-

vides the best quality of composite laminates and adhesively bonded joints in aerospace applica-

tion. However, this process implies a high acquisition cost, high energy consumption and, hence,

a large ecological footprint. Furthermore, with the current composite aircraft fuselages, it is in-

feasible to use autoclave/oven curing processes to assemble large sections of an aircraft. There-

fore, new manufacturing solutions must be developed in order to make composites and composite

bonding cost-attractive, energy-efficient and applicable to large-scale assemblies, while deliver-

ing at least the same product quality as the current autoclave/oven processes. This research

addresses the challenge to explore an out-of-autoclave alternative curing process for adhesively

bonded joints, based on Induction Heating (IH).

The principles of the IH theory have first been established byMichael Faraday [1]. By

exposing a material to an alternating electromagnetic field, heat is generated either by Joule- or

hysteresis heating. The latter requires the material to be ferromagnetic for hysteresis losses to

occur. Joule heating on the other hand, based on generated Eddy currents, requires the material

to be conductive. In comparison with other heat transfer methods, the IH technique’s main

advantages are high energy transfer intensity and low energy consumption [2, 3].

As common paste adhesives are neither conductive nor magnetic, strategies have to be de-

veloped in order to apply induction heating on adhesively bonded joints. When working with

conductive materials, such as aluminium or carbon fibre reinforced plastic (CFRP), heat can be

generated by induction within the adherend, which is then conductively transferred to the bond

layer. This is called susceptorless induction heating.

Sanchez C. et al. have established an induction curing process using CFRP adherends and

a two-component epoxy paste adhesive [4–6]. Sanchez’ curing process showed a reduction in

energy consumption of approximately 25% when compared to conventional oven-curing, with-

out any significant decrease in the mechanical performance of the adhesive. However, such an

induction heating process is strongly dependent on the quality of the CFRP adherends in terms

of fiber alignment, lay- up and manufacturing, which can significantly compromise the quality

of the bonded joint. Furthermore, such curing process are limited to conductive adherends.
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If non-conductive adherends are used, such as Glass Fiber Reinforced Polymers, the adhesive

can be modified in order to be able to generate heat by induction, so-called susceptor-assisted

induction heating. This manufacturing has some interesting advantages over conventional oven-

curing and susceptorless induction curing. First, it allows the application of induction curing on

adhesively bonded joints having non-conductive adherends. Secondly, it provides the ability to

generate heat locally, reducing the overall thermal stresses that occur when the complete struc-

ture needs to be heated (such as in an autoclave or oven process). Lastly, the fast increase of

temperature within the bondline could enhance gas liberation, possibly resulting in a redution of

void formation and thus improved mechanical performance ofadhesively bonded joints.

However, susceptor-assisted IH requires that the bondlinehas conductive or magnetic prop-

erties, by adding either a mesh or particles. Rudolf (2000) has established a susceptor-assisted

induction curing process by adding a steel mesh to the bondline [7]. However, poor adhesion

between the mesh and the adhesive resulted in a reduced mechanical performance of the joint.

A different strategy, used today in biomedical applications for cancer treatments, is to mix ferro-

magnetic nano-particles within the material to be heated, which generates heat through hysteresis

losses of the particles [8]. Research has shown that different susceptor particles show different

heating characteristics [9]. Also susceptor-size and weight percentage have a significant impact

[10, 11]. In general, smaller sizes and higher particle content increase heat generation. Sev-

eral studies also investigated the effect of adding different nano-particles on the performance

of epoxy resins or adhesives. In general, the lap shear strength and peel strength increase to

small amounts of particle content (< 5wt%), but a further increase in the particle content leads

to a decrease in lap shear strength [12–15]. However, research is mostly focused in using the

particles to reinforce the adhesive or composite resin. Fewstudies have been found on using the

particles for IH curing. One of them is Hartwig (2009) which investigates selective heating of ad-

hesives using superparamagnetic nano particles. The studyshows that the heating rate increases

with the adhesive thickness and decreases with the thermal conductivity of the adherends. The

best heating rate was obtained with Glass fiber Reinforced Polymers (GFRP) when compared to

polycarbonate.

Despite having the mentioned advantages and showing promising results, susceptor-assisted

IH adhesive bonding is yet to be established in aerospace industry as a reliable and cost-effective

alternative to autoclave/oven curing. A study which compares oven-cured with susceptor assisted
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IH-curing for aerospace application is still missing.

The purpose of this research is to develop additional insights in the field of susceptor-assisted,

induction-heated adhesive bonding using an aerospace certified epoxy adhesive. The aim is to

assess the impact of susceptor-assisted induction heatingon the curing of the epoxy and on the

mechanical performance of composite bonded joints. The conventional oven curing process will

be used as reference.

2. Materials and Specimens

2.1. Materials

The structural adhesive used for this project is the two component epoxy paste adhesive

EC9323-B/A produced by 3Mr (St. Paul, USA). This adhesive has been selected because of its

wide application within the aerospace industry. The manufacturer’s recommended cure cycle for

this adhesive is two hours at 65◦C.

The susceptor particles are Iron particles, produced by Acros Organics, with an average size

of 200µm. These particles have been chosen because of their superior heat-generating properties

compared to other susceptor materials, such as Nickel or Magnetite, as found in literature [10,

16].

Glass fibre reinforced plastic (GFRP) was used as adherend material for the lap- shear spec-

imen. This material does not generate any heat when exposed to the electromagnetic field and

thereby does not interfere with the heat generation throughthe susceptor particles. Aluminium

or Carbon Fibre Reinforced Polymer adherends were not chosen since they would shield the iron

filled adhesive from the electric field.The adherends consists of eight layers of 0◦/ 90◦glass fibre

fabric and HEXION RIM 235 epoxy resin (Et =3.0-3.2 GPa,σtu =65-70 MPa andǫtu =6-8%

according to Technical Data Sheet). The GFRP coupons were produced by vacuum infusion and

cured at room temperature for 24 hours.

2.2. Specimens

The effect of different induction heating process parameters on the heat generation has been

evaluated on coin-sized coupons of a mixture of the paste adhesive and Iron particles, as shown

in Figure 2(a). The coin-sized specimens had a diameter of 27mm and a thickness of 2.95

mm. The particle content was varied from 1 to 5v%. Susceptor particles were mixed into the
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adhesive manually. Scanning Electron Microscopy was used to assess the quality of dispersion

by checking the dispersion of ferrite (Fe) elements for different samples. As ferrite was not

detected on samples of bare adhesive, this was considered a correct method to assess the particles

dispersion. Figure 1 shows the picture obtained from the SEMof a sample containing 2v% of

particles. The picture shows three ferrite concentrationswhich indicate the location of the ferrite

particles. The concentration points have between 50µm and 150µm maximum size. Since the

nominal size of the particles is 200µm this suggests that each Fe concentration can be considered

as one particle. Therefore, it can be concluded that there isno agglomeration of the particles

(good dispersion) but there is a significant inhomogeneity on the particle size.

(a) SEM image (b) SEM image - Fe content

Figure 1: SEM image taken from a sample with 2v% of iron particles.

The effect on the mechanical performance was evaluated testing single lap-shear (SLS) spec-

imens, with dimensions in accordance with ASTM standard D5868 [17]. Due to the size limi-

tation of the available induction heating set-up, the samples were first cut into single lap-shear

specimens and then assembled and cured individually. This assembly process was also imple-

mented for the oven-cured samples to keep an identical production process for all tested coupons.

The volume-percentages on the SLS specimens were varied between 0.5 and 7.5v% of Iron par-

ticles. The dimensions of the lap-shear specimens are shownin Figure 2(b). The overlap length

(L) was 14.5 mm. The recommended bond layer thickness by 3M for lap-shear joints is 100µm.

However, the Iron susceptor particles used for these experiments have a size of 200µm. This

means that the susceptor- assisted lap- shear specimen would not be able to achieve a bond layer
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thickness of 100µm. Therefore 200µm thick bond layer was used for all tested specimen, such

that all test specimen would have the same dimensions. The adhesive thickness was garanteed

by 200µm glass beads mixed manually into the adhesive. If susceptorparticles had to be added

to the adhesive as well, this was done at the same time. This was done in order to avoid an

additional mixing-stage, which could possibly increase the risk of gas formation within the ad-

hesive. The surface of the bonding area of both GFRP specimenwas carefully pretreated before

the adhesive was applied. First, the surface was physicallyabraded with sandpaper (mesh 80)

and thereafter degreased with PF-SR, a solvent made by PSG and typically used in the aerospace

industry as cleaner and degreaser.

(a) Coin- sized specimen (b) Single lap- shear specimen

Figure 2: Coin- sized specimen (left) and single lap- shear specimen (right), as used in this project

3. Experimental Set-Up & Methodology

The experimental program consists of three phases. Firstly, an evaluation is made on the

heat-generating characteristics of the EC9323 epoxy pasteadhesive mixed with the Iron suscep-

tor particles. Secondly, the impact of those particles on the cure chemistry of the adhesive is

evaluated through DSC analysis. Both items are considered as important indicators of the cure

performance of induction-heated adhesive bonding. Finally, the mechanical performance of the

induction-cured adhesive is assessed by testing single lap-shear specimens.

3.1. Cure Performance

The induction heating equipment used is an EasyHeat- LE 10 kWunit, made by Ambrell.

The equipment can generate magnetic fields within the frequency range of 100-400 kHz. The
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strength of the induced magnetic field is controlled by altering the equipment’s coil current,

which can be varied up to 600 Amperes. The unit auto-tunes itsfield frequency, depending on

the coil current and coil type used. Within the context of this research, two coil types have been

used: a one-turn coil and a pancake coil. The one-turn coil resulted in a field frequency of 400

kHz, whereas the pancake coil resulted in 250 kHz. Figure 3 shows the two types of coils used

(thickness 7 mm).

(a) One-turn coil (b) Pancake coil

Figure 3: Coil types.

The heat-generating properties have been assessed by measuring the temperature increase

of the coin-sized specimens under IH. The temperatures weremeasured using an infra-red (IR)

camera (FLIR A655sc) during a period of 200 seconds. The coin-sized specimens were placed

on top of the coil set-up, in order to provide the IR camera a clear view of the heat-affected zone.

The induction set-up can be seen in Figure 4.
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(a) Schematic overview of test set- up (b) Actual test set- up

Figure 4: Induction Heating set-up.

The effect of four process parameters on the heating process was assessed: the influence

of the volume-percentage of Iron particles, the coil current, the coupling distance and the coil

type. The coupling distance is the shortest distance between the coil and the sample – see Figure

4(a). Each of these parameters was varied through its range of possible values, while all other

parameters remained constant. A test matrix, including allperformed test set- ups, can be found

in Table 1.

Table 1: Summary of all experiments performed

Process parameter v% Coil current [A] Coupling distance [mm] Coil geometry

v%- effect 1, 2, 5 400 1 One-turn

Coil current- effect 2 100, 200, 300, 400, 500 1 One-turn

Coupling distance- effect 2 400 1, 3, 5, 7 One-turn

Coil geometry- effect 2 400 1 One-turn, pancake

The effect of the mixed-in Iron particles on the cure behaviour of the adhesive has been

assessed through Differential Scanning Calorimetry (DSC) analysis. Samples were cured for

two hours at 65◦C while their heat flow was monitored. The heat flow data was measured for

samples of adhesive including 2v% of Iron particles, and compared to the heat flow of samples

of pure adhesive (no Iron particles).

8



3.2. Joint Performance

In order to obtain the mechanical performance of the induction-cured adhesive, single-lap

shear tests were performed according to ASTM standard D5868[17]. The tests were performed

on a Zwick International 10 kN tensile test machine at 5 mm/min testing speed – displacement

controlled. Three sets of lap- shear coupons have been produced, as summarized in Table 2. For

each series a minimum of three specimens were tested.

Table 2: Test matrix for the single lap- shear tests

Curing method v%

Test series 1: Oven - no particles Oven -

Test series 2: Oven - with particles Oven 0.5, 2, 5, 7.5

Test series 3: Induction - with particles Induction 7.5

Single lap shear specimens were cured at the manufacturer’srecommended cure cycle of two

hours at 65◦C. Oven-cured samples were cured in a Heraeus T6030 oven, after a pre-heating set

to 65◦C.

After an optimization study of the curing cycle via thermogravimetric analysis, it was decided

to keep the curing cycles of 65◦C for 120 minutes also in the IH samples. The analysis showed

that using shorter curing cycles at higher temperatures, such as 110◦C for 47 minutes, decreased

the lap shear strength of the adhesive. Since, the aim was to keep as much as possible the same

lap shear strength using IH to make it comparable to the oven curing, it was decided to keep

the curing cycle 120 min at 65◦C. The analysis on optimizing the curing cycles can be found in

Severijns (2016) [16].

Induction-cured samples had to be manufactured with 7.5v% of Iron particles. Lowering the

particle content would require too high coil currents for the induction equipment to sustain a

curing process of two hours without exceeding the cooling unit’s maximum temperature. The

process parameters used for Induction-curing the SLS specimens were: 1 mm coupling distance;

pancake coil; coil current of 6 minutes at 220 A for the heat upstage and 175 A for the remaining

curing cycle.

The temperature of the SLS specimens was monitored during the complete curing process,

both for the IH process and for the oven – see Figure 5. On the Induction-cured specimens

thermocouples were placed inside the adhesive, at the center of the overlap. K-type thermo-
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couples with 0.66 mm probe diameter were used. The measured temperatures were compared

with the ones obtained from the infra-red (IR) camera, whichmeasured the adherends surface

temperature – see IR camera position in Figure 4. As shown in Figure 5, the adhesive layer is at

65◦C when the infra-red camera measures 59◦C at the adherend surface. As the inclusion of the

thermocouples inside the adhesive layer could have an influence in the specimen’s mechanical

performance, the temperature of the lap-shear specimens was monitored only by the IR camera

(without thermocouples), keeping as reference the 59◦C temperature at the adherends surface.

On the oven-cured samples, the thermocouples inside the adhesive layer showed similar temper-

atures as the set temperature of the oven – see Figure 5. IH takes 6 min from RT to 66◦C and

oven takes 8 to 9 minutes from RT to 63◦C. Also interesting to observed that the heating rate,

from start to target temperature, is faster in the IH setup. The oven heating rate is lower at the

starting point but speeds up when temperatures are above 45◦C. This speed up allows the oven

temperature to reach the target temperature shortly after the IH system.
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(b) Heating up and hold

Figure 5: Temperature profile for the oven- and induction- cured SLS samples for two hours at 65◦C.

4. Results

4.1. Cure Performance

4.1.1. Heat Generation

Figures 6 to 9 show the obtained temperature profiles for the coin specimens used for the

induction heating experiments. These graphs show the effect of the volume- percentage of Iron

particles (Fig. 6), the coil current (Fig. 7), the coupling distance (Fig. 8) and the coil geometry
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(Fig. 9), respectively. The position of the coin-size specimens in the one illustrated in Figure

4(a).
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Figure 6: Temperature profiles for 1, 2 and 5v% of Iron

particles (400 A, 1 mm coupling distance and one-turn

coil).
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Figure 7: Temperature profiles for 100 to 500 A coil cur-

rent (2v% samples, 1 mm coupling distance and one-turn

coil).
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Figure 8: Temperature profiles for 1 to 7 mm coupling

distance (2v% samples, 400 A and one-turn coil).
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Figure 9: Temperature profiles one- turn & pancake coil

(2v% samples, 400 A and 1 mm coupling distance).

Figure 6 shows that increasing the volume- percentage of Iron particles results in an increase

of heat generation.

Figures 7 and 8 show that a reduction in coupling distance and/or an increase in coil current

have comparable effects: an increase in temperature. These results were expected, as they both

influence the magnetic field strength experienced by the susceptor particles. Both parameters

11



are bound by certain limitations, depending on the type of application. The achievable coupling

distance will be driven by the application’s size and geometry. Curing a standard single lap-

shear joint by induction heating results automatically in acoupling distance equal to the size of

the adherend’s thickness. The allowable coil current to be applied is limited by the duration of

the heating cycle, as only limited cooling power is available.

Figure 9 shows that the pancake coil generates more heat thanthe one-turn coil. In addition

to different frequencies (pancake coil 250 kHz and one-turn coil 400 kHz), the coil geometry

might change the magnetic field strength – the pancake coil has a higher number of turns and,

thus, it is capable of generating a stronger magnetic field. Figures 10 and 11 show the spacial

temperature distribution read from the IR camera for both coils. It can be seen that in the area

within the coil, the temperature is quite uniform on both coil types. The temperature profiles

shown in Figure 9 were measured in this area of uniform temperature. The shape of this uniform

temperature area seems to be related with the shape of the coil. For the one-turn coil, the area

has a rectangular shape while for the pancake coil it is a circle.

Figure 10: The heat- affected area with a one- turn coil

(2v% samples, 400 A and 1 mm coupling distance)

Figure 11: The heat- affected area with a pancake coil

(2v% samples, 400 A and 1 mm coupling distance)

4.1.2. Cure Behaviour Analysis

Figure 12 shows the heat flow graphs obtained from the DSC experiments. Heatflow data was

normalized by dividing the total measured heat flow by the sample’s weight. The weight of the

susceptor particles was deducted to obtain the normalized data. One can see that both samples

obtain a full cure in two hours, as both graphs reach a residual heat flow after 120 min.
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Figure 12: Heat flow curves obtained from the DSC analysis at 65◦C for susceptor- assisted (2v%) and pure adhesive.

As shown in Figure 12, both the susceptor-assisted and pure adhesive show comparable heat

flow trends over the curing process. Additionally, the totalarea underneath both curves, repre-

senting the total cure energy, is also comparable. These results show that the addition of Iron

particles does not influence significantly the cure behaviour of the adhesive.

4.2. Joint Performance

Figure 13 shows the representative load- displacement curves obtained from the lap- shear

tests. At the end of each test, the fracture surface of the joint has been examined in order to

determine the type of failure mode. All samples showed a 100%cohesive failure in the adhesive

layer. Typical examples of the fracture surfaces are shown in Figures 14 and 15 with and without

Iron particles, respectively.

The effect of Iron particles on the lap-shear strength was assessedonly on oven-cured sam-

ples. This was done in order to isolate the effect of the susceptor particles on the lap shear

strength and avoid possible side-effects related to the induction heating process.

Induction-cured samples were manufactured with 7.5v% of Iron particles. This was the min-

imum % of Iron particles needed to run the Induction Heating system for two hours at a hold

temperature of 65◦C (coil current of 175 A).
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Figure 13: Representative load- displacement curves from the SLS experiments.

Figure 14: Example of fracture surface of a

tested specimen, including 0.5v% of Iron pow-

der and oven-cured for two hours at 65◦C

Figure 15: Example of fracture surface of a

tested specimen without Iron powder, oven-

cured for two hours at 65◦C

4.2.1. Effect of Particle Content

The average lap-shear strength for oven-cured samples withdifferent contents of Iron par-

ticles is shown in Figure 16 and Table 3. The addition of Iron particles to the adhesive results

in a reduction of lap- shear strength of approximately 15%, even at a particle content as low

as 0.5v%. Increasing the particle content further up to 7.5v% does not result in a significant

additional decrease in the mechanical performance of the adhesive.
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Figure 16: Average lap-shear strength of oven-cured sampleswith different volume-percentages of Iron particles

Table 3: Average lap-shear strength of oven-cured samples with different volume- percentages of Iron particles

Volume- percentage (v%) 0 0.5 2 5 7.5

Lap-shear strength [MPa] 23.48 20.11 19.68 19.28 19.15

St. Dev. 1% 1% 1% 0.5% 2%

Failure Mode 100% Cohesive 100% Cohesive 100% Cohesive 100%Cohesive 100% Cohesive

4.2.2. Effect of the Curing Process: Oven vs. Induction

Table 4 shows the results on the performance of induction-cured samples, containing 7.5v%

of Iron particles. In comparison to oven-cured samples withthe same amount of susceptor par-

ticles, the lap-shear strength of the induction-cured samples shows a slight increase of 6%. In

comparison to oven-cured samples without any susceptor particles, the induction curing process

results in lower mechanical performance of the adhesive. The addition of Iron particles reduces

the mechanical performance, independent of the type of curing process.

Table 4: Average lap-shear strength of induction- and oven-cured samples with 7.5v% of Iron particles

Cure method Oven Induction

Lap- shear strength [MPa] 19.15 20.38

St. Dev. 2% 2%

Failure Mode 100% Cohesive 100% Cohesive
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5. Discussion

5.1. Cure Performance

In order to better understand the obtained results, additional simulations on the induction

heating process were performed.

5.1.1. Modelling of the Induction Heating Process

A model was made of the induction heating process of the coin-type specimen in COM-

SOL Multiphysics. Joule heating was modelled by the standard induction heating interface of

COMSOL. The effect of hysteresis heating was added by the implementation ofvector-hysteresis

modelling, based on the Jiles-Atherton theory [19]. Figure17 shows a schematic overview of the

model as well as a model visualization.

The mixture of adhesive and Iron particles was modelled as a single uniform material with

homogeneous material properties. The properties of the combined material were taken as a

“rule-of-mixture” between the properties of the adhesive and the Iron particles, with a mixing

ratio defined by the volume-percentage of each material.

(a) Schematic overview (b) Model visualization (one-turn coil)

Figure 17: Overview of the induction heating model

The model’s geometrical constraints and material parameters were established such that they

represent the actual experimental set-up as close as possible. All parameter values were either

found in literature or measured at the actual set-up. Table 5summarizes the values used for

simulating the induction heating process. The properties of the combined material are given
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for the example of 2v% Iron powder. The electrical conductivity of the combined material was

considered to be very low (similar to an isolating material).

Table 5: Induction heating model parameters.

Parameter Value Source

Coil current I 400 A As used in the lab’s tests

Frequency ω 400 KHz As used in the lab’s tests

Electrical conductivity σ 0.01 S/m Isolating material

Relative permeability µr 4000 [-] Iron: 200000 [25]

Adhesive: 1 (non- magnetic)

(Mixture: 2v% Fe+ 98v% Adh.)

Relative permittivity ǫr 1 [-] Iron: -

Adhesive: 1

(Mixture: 2v% Fe+ 98v% Adh.)

Adhesive density ρ 1.04 g/cm3 Product’s datasheet [26]

Specific heat capacity Cp 1300 J/(kg ·K) [18]

Thermal conductivity k 0.72 Product’s datasheet [26]

The Jiles- Atherton theory was implemented by using the governing equations as found in

literature [19]. It explains hysteresis heating as a resultof two phenomena: (1) heat generated

through the changing magnetization of the material, calledanhysteretic magnetizationMan; and

(2) frictional heating resulting from the rotation of the material’s grains, also called “wall pin-

ning”. The theory links the amount of heat generated throughhysteresis losses to a set of five

material parameters. The values for each of those parameters were obtained from literature, as

shown in Table 6.
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Table 6: Hysteresis- heating parameters [19]

Parameter Symbol Value Source

Magnetic

saturation

MS 26.8 × 103

A/m

Iron: 1.3445× 106 A/m

Adhesive: 0 (non- magnetic)

(Mixture: 2v% Fe+ 98v% Adh.)

Langevin

parameter

a 45 A/m Iron: 2.26× 103 A/m

Adhesive: 0 (non- magnetic)

(Mixture: 2v% Fe+ 98v% Adh.)

Pinning

factor

k 29.7 A/m Iron: 1.4842× 103 A/m

Adhesive: 0 (non- magnetic)

(Mixture: 2v% Fe+ 98v% Adh.)

Domain

rotation loss

c 0.7476 Iron: 0.7476

No mixture required

Shape

factor

α -0.0044 Iron: -0.0044

No mixture required

The Jiles- Atherton theory was implemented within the induction heating model according

to a set of constitutive equations [20, 21]. The total amountof heat generated inside a material

is calculated as a function of the domain rotation, called anhysteretic magnetizationMan and the

irreversible magnetization due to wall pinningMirr. This relation is shown in equation 1.

dM
dt
=

dMan

dt
+ (1− c) ·

dMirr

dt
(1)

The reversible magnetizationMan(Ms, a) is determined by equation 2, by using the Langevin

polynomial [22]. It depends on the magnetic saturationMS , on the Langevin parametera and

on the effective magnetic fieldHe f f . The latter is depending on the initial magnetic field H and

material’s local field factorα, as shown in equation 3.

Man = MS

(

coth
He f f

a
−

a
|He f f |

)

He f f

|He f f |
(2)

He f f = H + α · M (3)
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The last element of equation 1, describing the effect of irreversible magnetizationMirr is

determined using equation 4. This relation includes the material’s pinning factork, the domain

rotation lossc and the reversible magnetizationMrev. The latter is calculated using equation 5.

dMirr

dt
=

(

(k−1 · c−1 · Mrev) ·
dHe f f

dt

)

k−1 · c−1 · Mrev

|k−1 · c−1 · Mrev|
(4)

Mrev = c · (1− c)−1 · (M − Man) (5)
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Figure 18: Simulated and experimentally obtained temperatureprofile for 2v%, 400 A, 1 mm coupling and the one- turn

coil

Figure 18 compares the temperature profiles obtained from the experiments with the ones

obtained from the COMSOL simulations. The induction heating process simulated was a 2v%-

Iron adhesive sample, using 400 A coil current, a coupling distance of 1 mm and a one-turn

coil. Two results from the simulations are presented: with and without hysteresis heating. When

hysteresis heating is not taken into account, only a very slight increase in temperature is noticed.

When hysteresis losses are taken into account, the model shows significantly higher temperature

increase and simulates the induction heating process more accurately. The difference between

the COMSOL simulation with hysteresis and the experiment isapproximately 15%. The rule-of-

mixture assumption and the values taken from literature (and not from the actual materials used),
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are considered to be the main sources of error for this discrepancy. Nevertheless, the model can

capture the general trend obtained in the experiments.

The results show that hysteresis losses has a major contribution for the heat generation of

susceptor-assisted induction heating using Iron particles. Hysteresis losses are considered to be

only a secondary heating source in induction heating theorywhen compared to Joule heating.

This explains why CFRP susceptorless set-ups can generatedsignificantly more heat than Iron

particle susceptor-assisted set-ups [23], since the former is based on Joule heating effect and

the latter on hysteresis losses. Sanchez C. has performed experiments on susceptorless set-ups,

using CFRP adherends, obtaining significantly better heat generating characteristics than the

susceptor-assisted set-up used in this project. Despite many parameters remaining the same,

such as coupling distance and coil geometry, the CFRP set-uponly required approximately 45 A

to reach a temperature of 80◦C [5].

5.2. Joint Performance

Previous research has focussed on the effect of susceptor particles on the lap-shear strength

of bonded joints, in the context of nanoparticle reinforcement of structural adhesives [24]. The

influence of such particles on the mechanical performance ofadhesively bonded joints can either

be positive or negative, and depends mainly on the type of susceptor material, particle size- &

shape and the adherence between the susceptor particles andthe adhesive. One of the most

successful cases reported in a modified epoxy adhesive is using 5w% of alumina nano-particles,

which showed an increase in lap-shear strength of 15% [24].

One possible explanation of the significant reduction in lap-shear strength found in the cur-

rent study could be that the susceptor particles did not havea good adherence to the adhesive.

However, this seems not to be the case when looking at a scanning electron microscopy (SEM)

images taken from the fracture surface of tested lap- shear specimen – see Figures 19(a) and

19(b) both representing the same image. Figure 19(b) can be used to identify a representative

Iron particle in the middle of the image by locating the cluster of green dots. When looking at

Figure 19(a), one can see that most of the Iron particle is surrounded by (black) adhesive. This

can be considered as an indication of good adhesion between the susceptor particles and the

adhesive itself, since the joint’s failure did not occur at the interface between the adhesive and

the susceptor particles. Comparable SEM results were obtained throughout the complete joint’s

fracture surface.
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(a) SEM-photo (b) SEM-Iron content

Figure 19: SEM image of the fracture surface of a single lap-shear specimen with 7.5v% of Iron powder.

Iron powder was selected as a susceptor particle for this research mainly because of its good

heat-generating characteristics, compared to the other susceptor particles previouly tested [16].

However, Iron powder shows a highly irregular particle-shape, as can be seen in Figure 20. Ad-

ditionally, former research mentioned in the above paragraph made use of smaller sized nanopar-

ticles with sizes up to 100µm, while the Iron powder used in this research has a nominal particle

size of 200µm, although the size varied, as shown in Figure 20 ([24]. Bothof those aspects

might result in local distortions and stress concentrations within the adhesive, which can cause

the reduction in the measured lap-shear strength. Additional concerns for using Iron powder

come from durability aspects, such as corrosion.

Figure 20: SEM image of the pure Iron particles used in this project.
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6. Conclusions

This study evaluates the curing behaviour and mechanical performance of induction-cured

bonded joints, as a possible alternative to traditional oven-cured processes. Heat was generated

from the inside of the adhesive layer, by adding ferromagnetic susceptor particles to a two com-

ponent paste adhesive, in order to cure bonded joints of non-conductive adherends. The main

conclusions from this research are summarized as follows:

• Susceptor- assisted induction curing using Iron particlesis mainly driven by hysteresis

heating, which is considered only to be a secondary heating mechanism of induction heat-

ing.

• Adding Iron particles does not have any impact on the curing behaviour of the studied

paste adhesive.

• Adding Iron particles to the adhesive results in a reductionof the lap-shear strength of

15%, even at a small particle content as 0.5v%. A further increase in particle content, up

to 7.5v%, does not result in any additional decrease in lap-shear strength.

• Curing the adhesive layer from the inside-out, as in susceptor-assisted induction heating,

results in a slight increase in lap- shear strength (6%), compared to oven-cured samples

(cured from the outside-in).
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